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T h i s  r e p o r t  p r e s e n t s  t h e  results of a v a l i d a t i o n  s t u d y  of d a t a  o b t a i n e d  
by t h e  S t r a t o s p h e r i c  Aerosol  and Gas Experiment I1 s a t e l l i t e  exper iment  (SAGE 
1 1 ) .  P r e l i m i n a r y  SAGE I1 d a t a  have been a v a i l a b l e  f o r  t h e  p e r i o d  October ,  
1984 t o  May, 1985. I n  a d d i t i o n ,  the r e s u l t s  o f  t w o  c o r r e l a t i v e  exper imenta l  
measurement ser ies  have been s t u d i e d  i n  d e t a i l ,  as w e l l  a s  c l i m a t o l o g i c a l  
d a t a  o b t a i n e d  by o t h e r  t echn iques ,  i n c l u d i n g  ground-based and a i r b o r n e  
l i d a r .  The s t u d y  shows t h e  SAGE I1 d a t a  t o  be of g r e a t  p o t e n t i a l  v a l u e  t o  
s t u d i e s  o f  t h e  microphysics  o f  s t r a t o s p h e r i c  a e r o s o l s ,  t h e  chemis t ry  o f  t r a c e  
g a s e s  and s t r a t o s p h e r i c  dynamics. A s m a l l  number o f  u n i d e n t i f i e d  e r r o r s  i n  
t h e  c u r r e n t  p r e l i m i n a r y  d a t a  s e t  a r e  d e s c r i b e d .  These w i l l  be  removed from 
t h e  n e x t  v e r s i o n  o f  t h e  d a t a  s e t  which i s  a n t i c i p a t e d  t o  b e  o f  a r c h i v a l  
q u a l  i t y  . 
xv 
1 .  INTRODUCTION 
1 . 1  Background 
The S t r a t o s p h e r i c  Aerosol  and Gas Experiment I1 (SAGE 1 1 )  was launched 
aboard  t h e  E a r t h  Rad ia t ion  Budget Sa t e l l i t e  (ERBS) i n  October  1984 (McMaster, 
1986). It is  t h e  f o u r t h  i n  a s e r i e s  o f  s a t e l l i t e - b o r n e  s t r a t o s p h e r i c  a e r o s o l  
mon i to r ing  in s t rumen t s  flown by NASA. The SAGE I1 ins t rument  i s  a 
seven-channel s o l a r  r ad iomete r  which measures s o l a r  o c u l t a t i o n  a t  t h e  chosen 
wavelengths  f o r  30 e v e n t s  on each day. The s p e c i f i c  o b j e c t i v e s  o f  t h e  SAGE 
I1 experiment  a r e  t o :  
I .  map v e r t i c a l  p r o f i l e s  of s t r a t o s p h e r i c  a e r o s o l s ,  ozone, n i t r o g e n  
d i o x i d e  and water vapor  w i t h  a 1 km v e r t i c a l  r e s o l u t i o n  and de termine  h igh  
a l t i t u d e  c loud  coverage from 80°N to 80's; 
2. s tudy  t h e  seasona l  and g loba l  v a r i a t i o n s  i n  t h e s e  c o n s t i t u e n t s  so  a s  
t o  improve ou r  unders tanding  of the  E a r t h ' s  r a d i a t i o n  budget and c l i m a t e ;  
3. u t i l i z e  t h e  measurements t o  s t u d y  g l o b a l  c i r c u l a t i o n ,  t r a n s i e n t  
s t r a t o s p h e r i c  phenomena (such  a s  vo lcan ic  i n j e c t i o n )  and sources  and s i n k s  of 
t h e  i n d i v i d u a l  s p e c i e s ;  and 
4.  u t i l i z e  t h e  measurements t o  s tudy  t h e  a tmospher ic  chemis t ry  o f  t h e  
gaseous s p e c i e s  and t h e  microphysics  r e l a t i n g  t o  t h e  a e r o s o l s .  
Before d a t a  from SAGE I1 or o t h e r  s imi la r  exper iments  may b e  used f o r  
t h e  s c i e n t i f i c  o b j e c t i v e s  l i s t e d  above, i t  i s  necessa ry  t h a t  t h e y  undergo a 
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v a l i d a t i o n  process .  During t h i s  p r o c e s s ,  t h e  d a t a  a r e  compared wi th  
p r e e x i s t i n g  models o f  s t r a t o s p h e r i c  a e r o s o l s  and gaseous c o n s t i t u e n t s  , as 
w e l l  as  compared wi th  c o r r e l a t i v e  d a t a  se t s  ob ta ined  by o t h e r  means. The 
s t a t i s t i c a l  na tu re  o f  t h e  d a t a  product  must be  examined bo th  f o r  i n t e r n a l  
c o n s i s t e n c y  and f o r  e x t e r n a l  agreement.  T h i s  r e p o r t  d e s c r i b e s  work c a r r i e d  
o u t  on t h e  a v a i l a b l e  SAGE I1 and r e l a t e d  d a t a  se t s  a s  p a r t  o f  t h i s  v a l i d a t i o n  
p rocess .  
1.2 SAGE I1 and Associated Data S e t s  
The b a s i c  SAGE I1 measurement i s  of  s o l a r  r ad iance  i n  t h e  seven channe l s  
l i s t e d  i n  Table 1 .  I (McMaster, 1986;  Mauldin e t  a l .  , 1985) made d u r i n g  t h e  
s p a c e c r a f t  s u n r i s e  and s u n s e t  p e r i o d s .  The l o c a t i o n  o f  t h e  measurements i s  
determined by the s p a c e c r a f t  o r b i t .  T h i s  p rov ides  15 s u n r i s e  and 15 s u n s e t  
even t s  on each day .  On a s p e c i f i c  day,  t h e  s u n r i s e  e v e n t s  occur  a t  
approximate ly  the same l a t i t u d e  a s  do t h e  s u n s e t  e v e n t s ,  t h e  l a t i t u d e  o f  t h e  
s u n r i s e  e v e n t s  normally be ing  d i f f e r e n t  from t h a t  of  t h e  sunse t  e v e n t s .  
Success ive  s u n r i s e  o r  s u n s e t  e v e n t s  a r e  s e p a r a t e d  by approximate ly  24 of 
long i tude .  The event  l a t i t u d e s  c y c l e  from one extreme o f  l a t i t u d e  t o  
a n o t h e r ,  a cyc le  cove r ing  about 120 o f  l a t i t u d e  and t a k i n g  about  5 weeks  t o  
complete .  The extremes of l a t i t u d e  va ry  somewhat w i th  season  but  l i e  between 
about  80°N and 80's. 
0 
0 
1 1 1  t h e  r v u t i n e  d a t a  p rocess ing  {Chu, iYS6), t h e  r ad iance  d a t a  a r e  f i r s t  
conver ted  i n t o  a s l a n t  pa th  t r ansmiss ion .  They a r e  then  i n v e r t e d  t o  o b t a i n  
v e r t i c a l  p r o f i l e s  of t h e  a e r o s o l  e x t i n c t i o n  a t  each wavelength a s  wel l  a s  t h e  
c o n c e n t r a t i o n  of  t h e  gaseous c o n s t i t u e n t s .  The f i r s t  s t e p  i n  t h e  i n v e r s i o n  
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TABLE 1.1. SAGE XI. Spectrometer C h a r a c t e r i s t i c s  
(McMaster 1986) . 
P r i m a  r y Center  
C hanne 1 C o n s t i t u e n t  Wavelength Bandwidth 
Number Detec ted  (nd (nm) 
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procedure  is  t o  s e p a r a t e  t h e  c o n t r i b u t i o n  t o  t h e  s l a n t  pa th  t r a n s m i s s i o n  from 
each s p e c i e ,  as well as that  due  t o  t h e  molecu la r  a tmosphere a t  each of t h e  7 
wavelength bands. Following t h i s ,  t h e  i n d i v i d u a l  v e r t i c a l  p r o f i l e s  f o r  each 
s p e c i e  i s  obtained.  S e p a r a t i o n  of c o n t r i b u t i o n s  from each s p e c i e  i s  complex 
and t roublesome s i n c e  f o r  a l l  channels  t h e r e  i s  a c o n t r i b u t i o n  t o  t h e  o p t i c a l  
dep th  from not only t h e  main s p e c i e s  but a l s o  from t h e  o t h e r  s p e c i e s .  When 
one s p e c i e s  has  a l a r g e  s i g n a t u r e  which ex tends  a c r o s s  a wide wavelength 
range, as f o r  example occurs  when a h igh  a l t i t u d e  cloud i s  p r e s e n t ,  t h e r e  may 
be c o n s i d e r a b l e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  i n v e r t e d  product  f o r  o t h e r  
s p e c i e s .  An estimate of t h i s  u n c e r t a i n t y  i s  made a long  w i t h  t h e  i n v e r s i o n  
and forms p a r t  of t h e  d a t a  product .  
A major  p a r t  of t h e  t o t a l  post- launch d a t a  v a l i d a t i o n  process  i s  t h e  
o p e r a t i o n  of f i e l d  experiments  i n  which c o r r e l a t i v e  d a t a  a re  c o l l e c t e d  on t h e  
a e r o s o l s  and gaseous c o n s t i t u e n t s .  These measurements have been made from 
both ground based and a i r b o r n e  p l a t fo rms .  The former  i n c l u d e s  l i d a r  
measurements; t h e  l a t t e r  i n c l u d e s  ba l loon  and a i r c r a f t  i n  s i t u  p a r t i c l e  
coun te r s  and l i d a r ,  rocket  and bal loon-borne ozone measurements and 
bal loon-borne n i t rogen  d i o x i d e  and water vapor  measurements. I n  t h e  p r e s e n t  
s t u d y ,  w e  have made u s e  of such  measurements, as w e l l  as d a t a  a v a i l a b l e  f rom 
t h e  SAM I1 s a t e l l i t e  and t h e  h i s t o r i c  d a t a  set  a v a i l a b l e  from t h e  SAGE I 
s a t e l l i t e  (McConick et a l . ,  1979) .  The p r e s e n t  d a t a  v a l i d a t i o n  p rocess  a l s o  
invo lves  t h e  screening  of t h e  SAGE 11 d a t a  p roduc t ,  both by examinat ion  of 
t ab l e s  and p l o t s  of t h e  i n v e r t e d  d a t a  and by a c t u a l  d a t a  use.  A f i n a l  a s p e c t  
of t h e  d a t a  v a l i d a t i o n  i s  t h e  ana lys i s  of a s s o c i a t e d  but not n e c e s s a r i l y  
c o r r e l a t i v e  d a t a  sets, c o l l e c t e d  by many d i E f e r e n t  t echn iques ,  t o  p rov ide  a 
framework o r  c l imato logy  a g a i n s t  which t h e  SAGE I1 product  may be a s ses sed .  
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1.3 Data a d  Validation Status 
The p rocess  of d a t a  v a l i d a t i o n  f o r  SAGE I1 has  been t o  a l a r g e  e x t e n t  a n  
i t e r a t i v e  one. I n i t i a l l y ,  on ly  a s m a l l  q u a n t i t y  of SAGE 11 d a t a  w a s  
a v a i l a b l e .  A s  a p r e l i m i n a r y  d a t a  p roduc t ,  t h i s  conta ined  many e r r o r s  and 
omissions of va ry ing  s i g n i f i c a n c e .  The more obvious of t h e s e  were q u i c k l y  
found by t h e  a u t h o r s  of t h i s  r epor t ,  and co-workers, r e s u l t i n g  i n  new 
improved v e r s i o n s  of t h e  SAW!! 11 da ta  product .  The d a t a  product  on which t h e  
m a j o r i t y  of t h e  work d e s c r i b e d  i n  t h i s  r epor t  is  based,  covers  t h e  SAGE 11 
measurements from October  1984 ( launch)  t o  May 1985 and two c o r r e l a t i v e  
exper iments ,  one performed i n  Laramie, Wyoming i n  November 1984, and a f i e l d  
experiment performed i n  Alaska i n  August 1985. I t  should  be noted t h a t  t h e  --_--- __-_-.-.----_._-- 
c u r r e n t  d a t a  s e t  i s  not f i n a l .  While, as a r e s u l t  of t h e  feedback p r o c e s s  of -_ 
d a t a  v a l i d a t i o n ,  t h i s  d a t a  set is v a s t l y  improved as compared t o  t h e  o r i g i n a l  
v e r i o n ,  s a n e  e r r o r s  and areas of u n c e r t a i n t y  s t i l l  exis t .  A new c o r r e c t e d  
v e r s i o n  of t h e  d a t a  set  w i l l  be ready i n  t h e  nea r  f u t u r e .  I t  i s  a n t i c i p a t e d  
t h a t  t h i s  w i l l  b e  a c c e p t a b l e  f o r  s c i e n t i f i c  u s e  and t h a t  i t  w i L L  be t h e  f i r s t  
d a t a  set  wi th  a r c h i v a l  s t a t u s .  
I n  t h i s  r e p o r t ,  w e  have not a t tempted t o  l i s t  t h e  many minor e r r o r s  
found i n  t h e  i n i t i a l  d a t a  p r d i i c t .  Some ma jo r  e r r o r s  which s t i l l  e x i s t ,  
e.g., t h e  sun r i se - sunse t  effect  which i s  stilL p r e s e n t  i n  t h e  c u r r e n t  d a t a  
p roduc t ,  a re  desc r ibed .  There  i s  a l s o  a n  indep th  d i s c u s s i o n  of a n a l y s i s  of 
some of t h e  c o r r e l a t i v e  d a t a ,  notably t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  
measurements arid comparison w i t h  t h e  SAGE 11 mul t iwavelength  e x t i n c t i o n  
1-5 
data. T h i s  r e p o r t  also c o n t a i n s  t he  r e s u l t s  of s c i e n t i f i c  a n a l y s e s  of t h e  
SAGE I1 d a t a ,  a s s o c i a t e d  data sets and r e l a t e d  t h e o r e t i c a l  s t u d i e s .  I t  
should  be emphasized t h a t  such s t u d i e s ,  based on t h e  c u r r e n t  p r e l i m i n a r y  SAGE 
I1 data set ,  are n o t  f i n a l .  While t h e  q u a l i t a t i v e  aspects of  t h e  r e s u l t s  
o b t a i n e d  are n o t  expec ted  t o  be i n  error ,  q u a n t i t a t i v e  v a l u e s  w i l l  be s u b j e c t  
t o  change when t h e  a n a l y s e s  are r e p e a t e d  on the  r e v i s e d  data set. 
1.4 Tasks and Organization of R e p o r t  
The s ta tement  of  work s p e c i f i e s  seven  t a s k  areas. Work has  been carried 
o u t  under  each of these areas and t h i s  work i s  r e p o r t e d  i n  sequence i n  
S e c t i o n s  2 through 8 of t h i s  r e p o r t .  The t i t l e  g i v e n  t o  each main s e c t i o n  i s  
the same as the work s t a t e m e n t  for  the cor responding  task.  Although work h a s  
been carried o u t  under each t a s k  area, t h e  d i v i s i o n  i s  n o t  n e c e s s a r i l y  
uniform. This d i v i s i o n  r e p r e s e n t s  the r e s u l t s  of d i s c u s s i o n s  between the 
c o n t r a c t o r s  and the NASA Technica l  Monitor as t o  t h e  work areas r e q u i r i n g  
major a t t e n t i o n .  Subsec t ions  under  each  s e c t i o n  correspond t o  s e p a r a t e  
s t u d i e s  wi th in  the t a s k  area. 
Some of t h e  work c a r r i e d  o u t  h a s  been p r e s e n t e d  a t  s c i e n t i f i c  meet ings  
and a s m a l l  p a r t  h a s  been accepted  for  p u b l i c a t i o n .  That  t h e  l a t t e r  i s  n o t  
l a r g e r  i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t o  date a l l  c u r r e n t  a n a l y s e s  of SAGE I1 
data are based, a s  expla ined  i n  the  p r e v i o u s  s e c t i o n ,  on a p r e l i m i n a r y  data 
se t .  As such,  it i s  n o t  y e t  s u i t a b l e  for  formal  p u b l i c a t i o n .  Where material 
has been presented  o r  publ i shed ,  the  cor responding  a b s t r a c t  or paper  i s  
i n c l u d e d  i n  the Appendix t o  t h e  r e p o r t .  TO avoid  d u p l i c a t i o n ,  a b r ie f  
o u t l i n e  is  made i n  t h e  body of the  r e p o r t  and r e f e r e n c e  is  made to  t h e  
a p p r o p r i a t e  Appendix. 
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2. TASK l - - m T I G A T E  "E <;Lo= CLIMATOLOGY OF S!lT?ATOSPHERIC AEROSOLS, 0 
WATER VAPOR AND m2, INCLODING SPATIAL AND 'IgwpoRAG VARIABILITY 
2.1 Stratospheric A e r o s o l  C l i m a t o l o g y  
A s  p a r t  of t h e  work a s s o c i a t e d  w i t h  t h e  v a l i d a t i o n  of  SAGE I1 d a t a ,  t h e  
s t r a t o s p h e r i c  g l o b a l  aerosol c l imato logy  from 1979-1985 h a s  been reviewed. 
This  p e r i o d  h a s  i n c l u d e d  many v o l c a n i c  e r u p t i o n s  t h a t  have a f f e c t e d  t h e  
s t r a t o s p h e r e .  The s t r a t o s p h e r i c  aerosol h a s  been i n t e n s e l y  s t u d i e d  by 
ground-based, a i r b o r n e ,  and sa te l l i t e  techniques  w i t h  a r e s u l t i n g  i n c r e a s e  i n  
our  unders tanding  of i t s  c l imato logy .  This  work h a s  been summarized and 
p r e s e n t e d  as a n  i n v i t e d  review paper a t  t h e  Symposium on R a d i a t i o n  i n  the 
Middle Atmosphere a t  t h e  IAGA-IAMAP meet ing i n  Prague , Czechoslovakia  , h e l d  
pdg.Gat 5-17, 4 n n c  l ~ ~ d .  A cspy of  the abstract f o r  t h i s  paper is  i n c i u d e d  i n  
t h i s  report as Appendix 1 (Kent  6i McCormick 1985a).  
A s  p a r t  of t h e  same s tudy ,  the  a e r o s o l  c l i m a t o l o g y ,  as shown by SAGE 11, 
h a s  also been examined f o r  c o m p a t i b i l i t y  w i t h  t h e  r e s u l t s  e s t a b l i s h e d  from 
SAM 11, SAGE I ,  and a i r b o r n e  l i d a r .  Some of t h e  more d e t a i l e d  r e s u l t s  of  
t h i s  s t u d y  w i l l  be shown elsewhere ( S e c t i o n s  2.2 and 7.1) ; h e r e ,  i t  may be 
noted t h a t  t h e  p r e l i m i n a r y  SAGE I1 d a t a  shows many expec ted  c h a r a c t e r i s t i c s .  
The m o s t  prominent among t h e s e  are: 
1. t h e  h i g h  aerosol c o n c e n t r a t i o n s  s t i l l  p r e s e n t  i n  1984 and 1985, 
f o l l o w i n g  t h e  e r u p t i o n  of  E l  Chichon i n  1982, 
2. a decrease i n  c o n c e n t r a t i o n  between October 1984 and May 1985 ( L i m i t s  
of SAGE I1 d a t a  c u r r e n t l y  a v a i l a b l e  f o r  s t u d y ) .  
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3 .  A zonal  s t r u c t u r e  t o  t h e  aerosol c o n c e n t r a t i o n  similar t o  t h a t  seen 
a f t e r  earl ier v o l c a n i c  e r u p t i o n s  (Kent  and McCormick, 1984).  
2.2 Software for SAGE I1 G l o b a l  P l o t s  
A s  par t  of work c a r r i e d  o u t  under a separate c o n t r a c t  (NAS1-17032), 
s o f t w a r e  h a s  been developed t o  e n a b l e  global maps of SAGE I 1 pm o p t i c a l  
d e p t h  t o  be produced. A t  f i r s t  s i g h t ,  t h i s  appears t o  be a r e l a t i v e l y  simple 
matter as the  s a t e l l i t e  data s y s t e m a t i c a l l y  sweeps i n  l o c a t i o n  from one 
extreme of l a t i t u d e  t o  a n o t h e r .  I n  p r a c t i c e ,  d i f f i c u l t i e s  arise because of 
t h e  f o l l o w i n g  : 
1. The s a t e l l i t e  d a t a  po in ts  do n o t  f a l l  on a r e g u l a r  g r i d .  Although 
t h e  l o n g i t u d i n a l  i n t e r v a l  i s  f a i r l y  r e g u l a r  ( - 24O i n t e r v a l s )  , t h e  l a t i t u d e  
i n t e r v a l  v a r i e s  g r e a t l y  between h i g h  and l o w  l a t i t u d e s .  Moreover, t h e r e  i s  a 
l o n g i t u d i n a l  s h i f t  i n  d a t a  l o c a t i o n  on s u c c e s s i v e  days .  
2. Missing d a t a  are n o t  i n f r e q u e n t ,  e i t h e r  r e q u i r i n g  a n  in t e rpo la t ion  
r o u t i n e  or r e s u l t i n g  i n  areas of miss ing  d a t a  on t h e  f i n a l  map. T h e l a t t e r  
almost c e r t a i n l y  means t h a t  c o n t o u r i n g  r o u t i n e s  cannot  be used on t h e  map. 
The SAGE I s o f t w a r e  h a s  been conver ted  f o r  use w i t h  t h e  SAGE I1 d a t a  
product .  The purpose of t h i s  convers ion  w a s  ( 1 )  to  o b t a i n  a u s e f u l  t o o l  f o r  
s c i e n t i f i c  i n v e s t i g a t i o n  of g l o b a l  aerosol c l i m a t o l o g y ,  and ( 2 )  to  o b t a i n  a 
d i s p l a y  which p e r m i t s  r a p i d  d e t e c t i o n  and s c r e e n i n g  of anomalies  i n  t h e  d a t a  
i t s e l f .  The a lgor i thm f o r  p r o d u c t i o n  of t h e s e  maps i n v o l v e s  t h e  fo l lowing  
s t e p s .  
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1. S e l e c t i o n  of  a s u i t a b l e  po r t ion  of  SAGE I1 d a t a  f o r  mapping, e .g . ,  a 
l a t i t u d i n a l  sweep between chosen da tes - - th i s  should  be e i t h e r  a s u n r i s e  o r  a 
s u n s e t  sequence. 
2 .  Product ion  o f  t h e  v a r i a b l e  t o  be  p l o t t e d  a t  each  d a t a  l o c a t i o n  ( i n  
t h e  p r e s e n t  case, 1 pm o p t i c a l  depth) .  
3 .  Determina t ion  o f  t h e  l i m i t s  o f  t h e  l a t i t u d e  sweep and t h e  l o c a t i o n s  
o f  any mis s ing  d a t a  w i t h i n  t h a t  sweep. 
4. I n t e r p o l a t i o n  o f  mis s ing  da ta ,  provided t h e  d a t a  gaps do not  exceed a 
c e r t a i n  prede termined  s i z e .  The i n t e r p o l a t i o n  invo lves  t h e  d a t a  p o i n t s  
ne ighbor ing  t h e  d a t a  gaps.  
5. I n t e r p o l a t i o n  o f  t h e  f i l l e d  d a t a  sequence t o  a l o  x l o  g l o b a l  
l a t i t u d e - l o n g i t u d e  g r i d .  Th i s  i s  a f a i r l y  complex procedure  invo lv ing  
d e f i n i t i o n  o f  q u a d r i l a t e r a l  d a t a  c e l l s  w i t h i n  t h e  SAGE I1 d a t a  p roduc t ,  
fol lowed by a p r o j e c t i o n  o n t o  a r e t a n g u l a r  g r i d  and f i n a l l y  a s t anda rd  
i n t e r p o l a t i o n  t o  t h e  I u n i t  c e l l  s t r u c t u r e .  0 
6. Use of  t h e  l o  x l o  d a t a  mat r ix  t o  produce e i t h e r  a shaded o r  a 
contoured  d a t a  p roduc t ,  o r  one con ta in ing  both.  The d a t a  m a t r i x  may a l s o  be 
used t o  produce color-coded maps. 
User f r i e n d l y  c o n t r o l  procedures  have been w r i t t e n  f o r  u s e  w i t h  t h e  
above programming sequence.  Aithough these a re ,  a t  p r e s e n t ,  conf ined  t o  t h e  
product ion  of  1 pm o p t i c a l  depth maps, t h e i r  e x t e n s i o n  t o  o t h e r  d a t a  p roduc t s  
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appea r s  t o  be  a r e l a t i v e l y  s imple  mat te r .  T h i s  cou ld  i n c l u d e ,  f o r  example, 
o p t i c a l  depth  and e x t i n c t i o n  a t  o t h e r  wavelengths ,  o r  water vapor  and ozone 
c o n c e n t r a t i o n s .  The procedure  then  becomes a ve ry  u s e f u l  and powerful  t o o l  
f o r  d i s p l a y i n g  and sc reen ing  t h e  d a t a  p roduc t .  
An example o f  t h e  d a t a  product  i s  shown i n  F i g u r e  2.1. Th i s  f i g u r e  shows 
t h e  I p m  o p t i c a l  dep th ,  measured from 2 km above t h e  t ropopause ,  f o r  t h e  
per iod  October  24 - November 20,  1984. The d a t a  shown are f o r  s u n s e t  e v e n t s  
on ly .  
S i x  l e v e l s  o f  shading  a r e  a v a i l a b l e  and c o n t o u r s  have been added t o  
d e l i n e a t e  t h e  shaded r e g i o n s .  The h igh  l a t i t u d e  r e s o l u t i o n  and q u a l i t y  of 
t h e  d a t a  product a re  appa ren t .  I n  s c i e n t i f i c  terms, t h i s  f i g u r e  shows t h e  
ve ry  s t r o n g  banded s t r u c t u r e  appa ren t  i n  t h e  s t r a t o s p h e r i c  a e r o s o l .  A t  t h i s  
t i m e ,  t h e  ae roso l  is  a we l l -d i spe r sed  and p a r t i a l l y  decayed a e r o s o l  d e r i v e d  
mainly from the  E l  Chichon e r u p t i o n s  o f  April /May, 1982. The zonal  s t r u c t u r e  
has  been observed p r e v i o u s l y  both  i n  e a r l y  pos t -volcanic  a e r o s o l  ( d u r i n g  
198 1) and i n  pre-volcanic  a e r o s o l  ( d u r i n g  1979). 
2.3 Analyses  of Error Bars on 1 pm Aerosol Data 
An important SAGE I1 d a t a  product  i s  t h e  e r r o r  b a r  which i s  supp l i ed  f o r  
each d a t a  po in t .  Much subsequent  s c i e n t i f i c  a n a l y s i s  w i l l  involve  s c r e e n i n g  
t h e  d a t a  us ing  no t  on ly  t h e  q u a l i t y  f a c t o r  which i s  r e p r e s e n t a t i v e  o f  a 
complete  v e r t i c a l  p r o f i l e ,  bu t  a l s o  t h e  i n d i v i d u a l  e r r o r  b a r s  f o r  each  
a l t i t u d e .  A s  p a r t  o f  our  examinat ion o f  t h e  p r e l i m i n a r y  d a t a  s e t ,  an 
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e x t i n c t i o n  d a t a .  Two a s p e c t s  o f  t h e  d a t a  were examined: ( 1 )  Did t h e  e r r o r  
b a r s  appear  t o  g i v e  a r e a s o n a b l e  r e p r e s e n t a t i o n  o f  t h e  s t a t i s t i c a l  
f l u c t u a t i o n s  i n  t h e  d a t a  s e t  and (2 )  How d i d  t h e  SAGE I1 e r r o r  b a r s  compare 
wi th  t h o s e  given i n  t h e  SAGE I and SAM I1 d a t a  s e t s ?  Programs were w r i t t e n  
f o r  a l l  t h r e e  s a t e l l i t e  d a t a  s e t s  which ( 1 )  d i v i d e d  t h e  measured d a t a  i n  IOo 
l a t i t u d e  bands and ( 2 )  c a l c u l a t e d  t h e  mean 1 pm e x t i n c t i o n  and e x t i n c t i o n  
r a t i o s  w i t h i n  each band, t h e  r o o t  mean s q u a r e  v a r i a t i o n  o f  t h e s e  q u a n t i t i e s  
w i t h i n  t h e  band, and t h e  mean e r r o r  ba r .  Assuming l i t t l e  o r  n o  s y s t e m a t i c  
e r r o r  e x i s t s  w i t h i n  t h e  d a t a  s e t ,  t h e  e r r o r  b a r  i s  expec ted  t o  be less  t h a n ,  
o r  approximately equa l  t o ,  t h e  r m s  v a r i a t i o n  w i t h i n  t h e  d a t a  s e t .  T h i s  
fo l lows  from the f a c t  t h a t  t h e  l a t t e r  i n c l u d e s  both  d a t a  e r r o r s  and a c t u a l  
geophys ica l  v a r i a t i o n s .  The expec ted  i n e q u a l i t y  i s  no t  found t o  be  always 
t r u e  f o r  e i t h e r  t h e  SAGE I o r  t h e  SAGE I1 d a t a  s e t .  For t h e  SAM I1 d a t a  s e t ,  
which i s  inve r t ed  by a d i f f e r e n t  scheme, t h e  r u l e  i s  g e n e r a l l y  t r u e .  
F i g u r e  2.2 shows t y p i c a l  r e s u l t s  f o r  SAGE I and SAGE I1 taken  f o r  
i d e n t i c a l  months ( i n  d i f f e r e n t  y e a r s )  and f o r  t h e  same l a t i t u d e  band. The 
e x t i n c t i o n  r a t i o  p r o f i l e s  f o r  t h e  two p e r i o d s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  
below an  a l t i t u d e  of 25 km, due t o  t h e  presence  of  a e r o s o l  from t h e  e r u p t i o n  
o f  E l  Chichon i n  1982, which produced an inc reased  e x t i n c t i o n  r a t i o  a s  shown 
i n  F i g u r e  2 . 2 ( b ) .  There i s  a l s o  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  e x t i n c t i o n  
r a t i o s  above 25 km which i s  not  due t o  t h e  volcano .  P a r t  o f  t h i s  d i f f e r e n c e  
may be  due t o  the use  o f  a s l i g h t l y  i n c o r r e c t  molecular  atmosphere f o r  SAGE 

























SATELLITE: SAGE I .--.. ---- --I...- rcnouu: m r n i L  8 ~ .  
LATITUDE 0AND: W-U% 
NO. OF DATA POINTS: 691  
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EXTINCTION PATES 
SATELLITE: SAGE II 
PERIOD: APRIL 1WS 
LATiSuOC IAND:  *O+-SO% 
NO. OF DATA POINTS: $e1 





1 1 1 , 1  
0.4 0.0 1.1 1.6 2.0 2.6 2.0 3.2 3.6 e.. 0 
EXTINCTION RATIO 
Figure 2 .2 .  A l t i t u d e  var iat ion of mean 1 pm e x t i n c t i o n  r a t i o ,  e x t i n c t i o n  
r a t i o  error  and RMS var ia t ion  within  a 10" l a t i t u d e  band for  
(a) SAGE I data ,  April 1979; (b) SAGE I1 data,  April 1985. 
Both data sets are  for l a t i t u d e  bands 40" - 50"N. 
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Below 25 km, the mean e r r o r  b a r  f o r  b o t h  SAGE I and SAGE I1 d a t a  is  of 
t h e  same o rde r  o r  l ess  than  t h e  observed r m s  v a r i a t i o n  w i t h i n  t h e  d a t a  se t  
and no  s e r i o u s  d i sc repancy  ex is t s .  Above 25 km, t h e  e r r o r  b a r s  i n c r e a s e  
r a p i d l y  f o r  both s a t e l l i t e  d a t a  s e t s ;  i n  c o n t r a s t ,  t h e  r m s  v a r i a t i o n  
dec reases .  A major p a r t  o f  t h i s  behavior  d i f f e r e n c e  i s  due t o  t h e  
i n t r o d u c t i o n  of v e r t i c a l  smoothing i n t o  t h e  d a t a  i n v e r s i o n  p rocess  when t h e  
e x t i n c t i o n  f a l l s  below a c e r t a i n  prede termined  va lue .  T h i s  smoothing i s  
c a r r i e d  o u t  over a v e r t i c a l  h e i g h t  i n t e r v a l  o f  5 km; t h e  e r r o r  b a r s  are n o t  
smoothed and would t h u s  be expec ted  t o  be  l a r g e r  ( r e l a t i v e  t o  those  a t  a 
lower a l t i t u d e )  by a f a c t o r  o f  6. This  f a c t o r  i s  probably  s u f f i c i e n t  t o  
account  f o r  t he  r e l a t i v e  growth i n  t h e  e r r o r  b a r s  ( f o r  bo th  SAGE I and SAGE 
1 1 )  up t o  an a l t i t u d e  o f  about  30 km. Above t h i s  a l t i t u d e  t h e  e r r o r  b a r s  
appear  t o  be an overgenerous es t imate  o f  t h e  e r r o r s  w i t h i n  t h e  d a t a  s e t .  I n  
t h e  c a s e  o f  the S A M  I1 where a d i f f e r e n t  i n v e r s i o n  scheme was used ,  no 
comparable he igh t  v a r i a t i o n  i n  t h e  s i g n i f i c a n c e  o f  t h e  e r r o r  b a r  was found. 
Th i s  v e r t i c a l  v a r i a t i o n  i n  t h e  s i g n i f i c a n c e  o f  t h e  SAGE I and SAGE I1 e r r o r  
b a r s  i n d i c a t e s  t h a t  c a r e  must be taken  i n  any a n a l y s i s  t h a t  depends upon 
them, p a r t i c u l a r l y  as  i t  r e l a t e s  t o  t h e  a l t i t u d e  range 20-30 km. 
2.4 Ozone and NO Diurna l  V a r i a t i o n s  2 
I n  t h i s  s e c t i o n ,  w e  r e p o r t  t h e  r e s u l t s  o f  v a l i d a t i n g  t h e  a v a i l a b l e  
p re l imina ry  SAGE I1 d a t a  s e t  i n  terms of  examining t h e  d i u r n a l  v a r i a b i l i t y  o f  
t h e  mesospheric 0 There are  t h r e e  occas ions  i n  t h e  
f i r s t  eight-month sampling p e r i o d  o f  t h e  SAGE I1 ins t rumen t  a t  which t h e  
s u n r i s e  and sunse t  measurements c r o s s  each o t h e r  a t  c e r t a i n  l a t i t u d e s .  
F igu re  2.3 shows t h e  l o c a t i o n  and t h e  t ime  o f  t h e  occurrence  o f  t h e s e  




occas ions  ( t h e  c i r c l e d  numbers).  F i g u r e  2 . 4  shows t h e  averaged  p r o f i l e  f o r  
t h e  s u n r i s e  e v e n t s  ( s o l i d  l i n e ) ,  and a l s o  t h a t  of t h e  s u n s e t  e v e n t s  (dashed 
l i n e )  f o r  such  an occas ion  which happened i n  May 1985. Only t h o s e  s u n r i s e  and 
s u n s e t  measurements f o r  which t h e  d i f f e r e n c e s  i n  l a t i t u d e  a re  less  t h a n  5 
are  inc luded  i n  t h e  a n a l y s i s .  A s  i n d i c a t e d  i n  F i g u r e  2 . 4 ,  t h e  averaged  
s u n r i s e  p r o f i l e s  show about  a 6% h i g h e r  0 c o n c e n t r a t i o n  t h a n  t h a t  o f  t h e  
s u n s e t  p r o f i l e s  i n  t h e  a l t i t u d e  range  between t h e  lower l i m i t  o f  t h e  f i g u r e  
(30 km) and approximately 60  km. S ince  i n  t h e  s t r a t o s p h e r e  t h e  O3 d i u r n a l  
v a r i a t i o n  i s  n e g l i g i b l y  sma l l  ( e . g . ,  Wang e t  a l . ,  1980), F i g u r e  2.4 i n d i c a t e s  




The cor responding  averaged s u n r i s e  and s u n s e t  p r o f i l e s  f o r  NO2 a r e  
d i s p l a y e d  i n  F igure  2.5.  The c ross  behav io r  o f  t h e  NO p r o f i l e s  a t  a l t i t u d e s  
-25 km and 37  km i s  less a n t i c i p a t e d  and i s  d i f f i c u l t  t o  i n t e r p r e t .  In  
2 
g e n e r a l ,  t h e  s t r a t o s p h e r i c  photochemis t ry  s u g g e s t s  a s i m i l a r  v e r t i c a l  
d i s t r i b u t i o n  of NO c o n c e n t r a t i o n  w i t h  t h e  s u n s e t  NO h i g h e r  t h a n  t h a t  o f  
s u n r i s e  (Chu and McCormick, 1986).  A s  a r e s u l t ,  f u r t h e r  i n v e s t i g a t i o n  on t h e  
2 2 
p r e l i m i n a r y  SAGE I1 NO d a t a  set  i s  r e q u i r e d .  2 
Because of t h e  unexpected behav io r  d i f f e r e n c e  between t h e  s u n r i s e  and 
s u n s e t  0 and NO2, d e r i v e d  from p r e l i m i n a r y  SAGE I1 d a t a  s e t ,  t h i s  t y p e  o f  
d a t a  comparison h a s  been extended t o  a l l  t h e  o t h e r  SAGE I1 measurements,  
i n c l u d i n g  H,O and t h e  f o u r  aerosol  channe l s .  The r e s u l t s  o f  t h i s  comparison 
a r e  g iven  i n  F igu res  2.6a t o  e ,  r e s p e c t i v e l y .  A s  can b e  s e e n ,  t h e  r e s u l t s  
a l s o  i n d i c a t e  a s y s t e m a t i c  b i a s  w i t h  t h e  s u n r i s e  measurements a t  a h i g h e r  
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I n  o r d e r  to f u r t h e r  confirm t h e  above f i n d i n g s  i n  t h i s  p r e l i m i n a r y  May, 
1985 SAGE I1 d a t a  set, t h e  p r o f i l e s  ob ta ined  a t  t h e  other two a d j a c e n t  
s u n r i s e  and sunse t  c r o s s i n g s ,  as shown i n  F igu re  2.3, have a l s o  been 
examined. Again, a similar unexpected behavior  of t h e  s u n r i s e  and s u n s e t  
p r o f i l e s  of t h i s  p r e l i m i n a r y  SAGE I1 measurement i s  shown i n  t h e  averaged 
p r o f i l e s  f o r  t h e s e  t w o  occas ions .  
Relevant  to  t h e  above f i n d i n g s  of t h e  bias i n  t h e  c u r r e n t  SAGE I1 data 
set ,  G. Yue of NASA-LaRC and M. T. Osborn of SASC Technologies  Inc .  have 
found, independent ly ,  t h a t  good agreement e x i s t s  between t h e  1 pm aerosol 
e x t i n c t i o n  p r o f i l e s  of i n d i v i d u a l  SAGE I1 s u n s e t  e v e n t s  and SAM I1 e v e n t s  
t h a t  occur red  close t o g e t h e r  i n  space  and t i m e .  Th i s  i s  n o t  t r u e  f o r  
s i m i l a r l y  c o l l e c t e d  SAGE I1 s u n r i s e  and SAM I1 obse rva t ions .  I n  t h e i r  
a n a l y s e s ,  t h e  SAGE I1 s u n r i s e  1 pm a e r o s o l  e x t i n c t i o n  p r o f i l e s  are 
s y s t e m a t i c a l l y  s h i f t e d  t o  a h i g h e r  a l t i t u d e  as compared t o  those  f o r  SAM 11. 
Thus, from t h e i r  r e s u l t s ,  and t h a t  of t h e  s u n r i s e  and s u n s e t  a n a l y s i s  
mentioned earlier, it is  most l i k e l y  t h a t  the bias  e x i s t s  i n  t h e  p re l imina ry  
SAGE I1 s u n r i s e  data se t .  
2.5 Anomalous values of the 0.525/1.0 p Extinction ratio 
A s  p a r t  of t h e  development of an  a e r o s o l  c l ima to logy  f o r  t h e  
s t r a t o s p h e r e  and upper t roposphe re ,  a s t u d y  has  been made of the wavelength 
ex t i f i c t ion  r a t i ~  (~xt-nc$--=n I 1 - n E?E *I-\ / r v t i n p t i n n  , ,I - “.a64 r,, --LA*.” I--.. ! x = 1.02 p! ! i This 
r a t i o  i s  r e l a t e d  t o  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  (see Sec t ion  3 . 1 . 1 . ) .  For 
small p a r t i c l e s  such as e x i s t  i n  t h e  s t a t o s p h e r e ,  a r a t i o  i n  t h e  range 2-5 is 
t o  be expected.  For c loud  p a r t i c l e s ,  which are much l a r g e r ,  t h e  r a t i o  should 
2-18 
be a b o u t  u n i t y .  It  i s  v e r y  d i f f i c u l t  t o  c o n s t r u c t  a real is t ic  par t ic le  s i z e  
d i s t r i b u t i o n  for which t h i s  r a t i o  is s u b s t a n t i a l l y  less than  u n i t y ,  a l though  
v a l u e s  s l i g h t l y  less t han  u n i t y  a r e  p o s s i b l e  (Yue, P r i v a t e  Communication, 
1986). I n  t h e  c u r r e n t  s t u d y ,  SAGE I1 a e r o s o l  d a t a  have been d i v i d e d  i n t o  20 
l a t i t u d e  bands and then  b inned ,  accord ing  to  a l t i t u d e  from 0 t o  30 km, and 
a c c o r d i n g  t o  1 pm e x t i n c t i o n  r a t i o  from 0.01 and 1000.0. The data have been 
f i l t e r e d  t o  remove u n r e l i a b l e  d a t a  p o i n t s  u s ing  bo th  t h e  q u a l i t y  f a c t o r  
s u p p l i e d  w i t h  tho i n v e r t e d  p r o f i l e s ,  as w e l l  as i n d i v i d u a l  errm bars a t  each 
a l t i t u d e .  M o s t  of t h e  0.525 p/1.02 pm e x t i n c t i o n  r a t i o  v a l u e s  are as 
expec ted ,  b u t  some anomal ies  have appeared.  The r e s u l t s  may be  summarized as 
follows : 
0 
1. I n  t h e  s t r a t o s p h e r e ,  most wavelength e x t i n c t i o n  r a t i o  v a l u e s  l i e  
between 2 and 6; t h e  n i g n e r  va iues ,  a s s o c i a t e d  w i t n  smaiier p a r t i c i e s ,  occur  
a t  t h e  g r e a t e s t  a l t i t u d e s .  
2. I n  t h e  f r e e  t roposphe re ,  more t h a n  one aerosol m o d e  is appa ren t .  
a. Cloud Mode. Wavelength e x t i n c t i o n  r a t i o  v a l u e s  are c l o s e  t o  u n i t y  
as expec ted .  
b. Coarse Aerosol  Mode (Northern hemisphere) .  Wavelength e x t i n c t i o n  
r a t io  v a l u e s  are abou t  2. 
C. F ine  Aerosol  Mode (Southern  hemisphere) .  Wavelength e x t i n c t i o n  
r a t i o  v a l u e s  are i n  t h e  range 3-4. 
I n  a d d i t i o n ,  however, many va lues  s u b s t a n t i a l l y  less than  u n i t y  are 
found ( a s  low as 0.1).  r h e s e  cannot be t r u e  v a l u e s  ( p r i v a t e  communication 
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with  W. P. Chu). These va lues  probably  arise d u r i n g  t h e  i n v e r s i o n  p rocess .  
They o n l y  occur a t  t h e  lower a l t i t u d e s  and are a s s o c i a t e d  wi th  t h e  occur rence  
of h igh  e x t i n c t i o n  o r  optical  d e p t h  va lues .  T h e i r  o r i g i n  i s  be ing  examined 
and it i s  a n t i c i p a t e d  t h a t  t h e y  w i l l  be e l i m i n a t e d  from t h e  n e x t  v e r s i o n  of 
t h e  SAGE I1 da ta  set .  
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3. TASK 2--INVESTIGATE THE CORRELATION OF STRATOSPHERIC AEROSOLS, 03, WATER 
VAPOR AND NO2 WITB EACH OTBER AND VARIOUS METEOROLOGICAL PARAEIETERS 
3.1 Modeling t h e  S t r a t o s p h e r i c  Aerosol  E x t i n c t i o n s  a t  1.0 and 0.45 pm 
3.1.1 I n t r o d u c t i o n  
S ince  s a t e l l i t e  ins t ruments ,  s u c h  a s  SAGE I T ,  p rov ide  a e r o s o l  e x t i n c t i o n  
infermatisn a t  s e v e r a l  wavelengths , mode? c a l c u l a t i o n s  are u s e f u l  i n  
i n t e r p r e t i n g  t h e  observed r e su l t s .  Furthermore,  model a n a l y s e s  a r e  a l s o  
e s s e n t i a l  t o  t h e  r e t r i e v a l  of  ae roso l  p r o p e r t i e s  from t h e s e  mult iwavelength 
e x t i n c t i o n  measurements ( e . g . ,  Yue and  Deepak, 1983; s e e  a l s o  S e c t i o n  6 .1) .  
More s p e c i f i c a l l y ,  one needs t o  know c l e a r l y  t h e  dependence of t h e  
mult iwavelength e x t i n c t i o n  on t h e  ae roso l  p r o p e r t i e s  i n c l u d i n g  a e r o s o l  s i z e  
d i s t r i b u t i o n ,  number c o n c e n t r a t i o n ,  r e f r a c t i v e  index ,  e t c .  
I n  t h e  s t r a t o s p h e r e ,  s e v e r a l  d i f f e r e n t  models of  t h e  a e r o s o l  s i z e  
d i s t r i b u t i o n  have been in t roduced  (e .g . ,  R u s s e l l  e t  a l . ,  1981). Perhaps t h e  
most w ide ly  used one i s  t h e  log-normal r e p r e s e n t a t i o n  in t roduced  by P inn ick  
e t  a l .  (1976) which i s  given by f t 
3 
where n ( r )  i s  t h e  number o f  p a r t i c l e s  pe r  cm f o r  p a r t i c l e s  whose r a d i i  a r e  
between r and r + d r ,  is  t h e  t o t a l  number c o n c e n t r a t i o n s  (cm ) ,  0 i s  the  
wid th  o f  t h e  log normal cu rve ,  and r i s  t h e  mode r a d i u s .  The v a l u e s  1.86 
e; 





r e s p e c t i v e l y .  The a e r o s o l  r e f r a c t i v e  index ,  on t h e  o t h e r  hand,  depends on 
t h e  composi t ion of  t h e  s u l f a t e  d r o p l e t s  (Gmitro and Vermeulen, 1964). 
Furthermore,  i t  i s  a l s o  t empera tu re  dependent ,  fo l lowing  t h e  Lorentz-Lorenz 
r e l a t i o n s h i p  (Longhurst ,  1964). For  example, t h e  v a l u e  1.43 corresponds  t o  
t h e  composi t ion o f  75% o f  H SO and 25% o f  H 0 a t  about  218'K (P inn ick  e t  
a l . ,  1976). 
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For s t r a t o s p h e r i c  s u l f a t e  d r o p l e t s ,  t h e  p a r t i c l e s  w i l l  abso rb  ( o r  
evapora t e )  water  r a p i d l y  i n  response  t o  changes i n  t h e  ambient t empera tu re  
such t h a t  t h e  e q u i l i b r i u m  w i l l  be r e e s t a b l i s h e d  between t h e  envi ronmenta l  
wa te r  vapor  and t h e  vapor  p r e s s u r e  under t h e  new composi t ion of  t h e  s u l f a t e  
d r o p l e t s .  The net  r e s u l t  i s  a change i n  both  t h e  composi t ion and t h e  s i z e  of 
t h e  p a r t i c l e s  (e .g . ,  S t e e l e  and Hamil l ,  1981). 
Recen t ly ,  S t e e l e  and Hamill  (1981) have developed a t h e o r e t i c a l  model 
f o r  de te rmining  t h e  e f f e c t  o f  changes i n  tempera ture  and water  vapor  on t h e  
a e r o s o l  p a r t i c l e  s i z e .  In  a d d i t i o n ,  t h i s  model has  been a p p l i e d  i n  
con junc t ion  w i t h  t h e  Mie s c a t t e r i n g  theo ry  t o  de te rmine  t h e  dependence o f  t h e  
a e r o s o l  e x t i n c t i o n  a t  1.0 pm and t h e  a e r o s o l  b a c k s c a t t e r  a t  0.6943 pm on t h e  
tempera ture  and humidi ty  i n  t h e  s t r a t o s p h e r e .  The log-normal s i z e  
d i s t r i b u t i o n  given by E q .  ( 3 . 1 )  i s  used i n  t h e  c a l c u l a t i o n  o f  a e r o s o l  o p t i c a l  
p r o p e r t i e s  w i t h  N = 10 cm , 0 = 1.86 and r = 0.0725 pm. They  have f u r t h e r  
extended t h e i r  model t o  i n v e s t i g a t e  t h e  format ion  o f  Po la r  S t r a t o s p h e r i c  




On t h e  o the r  hand, Yue and Deepak (1983) have developed an e f f e c t i v e  
method f o r  r e t r i e v a l  of s t r a t o s p h e r i c  a e r o s o l  s i z e  from s a t e l l i t e  e x t i n c t i o n  
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measurements a t  two wavelengths ,  e . g . ,  1.0 pm and 0.45 pm.  T h i s  method has  
been a p p l i e d  t o  t h e  a e r o s o l  e x t i n c t i o n  d a t a  s e t  de r ived  from t h e  SAGE I 
measurements (Yue and Deepak, 1 9 8 4 ) .  The development of t h e i r  method i s  
mainly based on some observed s t r a t o s p h e r i c  f e a t u r e s .  More s p e c i f i c a l l y ,  i t  
i s  assumed t h a t  t h e  o v e r a l l  s t r a t o s p h e r i c  tempera ture  and t h e  a e r o s o l  
p a r t i c l e  composi t ion (W weight percentage  of H SO ) and t h e  width of  t h e  
S ’  2 4  
log-normal cu rve  a r e  200 K ,  75%, and 1.86, r e s p e c t i v e l y .  I t  should be  noted  
t h a t ,  w i th  t h e  above s p e c i f i e d  va lues  o f  these r e l e v a n t  pa rame te r s ,  t h e  
i n t e r p r e t a t i o n  o f  t h e  d i f f e r e n t  r e t r i e v e d  a e r o s o l  s i z e s  would be  due t o  t h e  
d i f f e r e n t  gaseous c o n c e n t r a t i o n s  of  ambient wa te r  vapor  and t h e  mass c o n t e n t  
of s u l p h u r i c  a c i d  i n  t h e  d r o p l e t  accord ing  t o  t h e  t h e o r e t i c a l  model o f  S t e e l e  
and Hamil l  (1981). I t  i s  important  t o  keep i n  mind t h a t ,  i n  t h e i r  model,  t h e  
a e r o s o l  d r o p l e t s  a r e  assumed t o  be i n  e q u i l i b r i u m  w i t h  r e s p e c t  t o  water 
vapor .  The c o n d i t i o n  f o r  d r o p l e t s  t o  be i n  e q u i l i b r i u m  wi th  r e s p e c t  t o  
s u l p h u r i c  a c i d  i s  no t  necessary .  T h i s  i s  because t h e  t i m e  t aken  f o r  t h e  
d r o p l e t  t o  undergo a mass i n c r e a s e  of I/e by wa te r  a b s o r p t i o n  i s  of  t h e  o rde r  
of seconds ,  whereas i t  i s  a t  l e a s t  10 times l a r g e r  f o r  t h e  s u l p h u r i c  a c i d  
a b s o r p t i o n .  Thus , t he  growth by s u l p h u r i c  a c i d  a b s o r p t i o n  becomes impor tan t  
on ly  f o r  p rocesses  o c c u r r i n g  ove r  long t ime p e r i o d s .  Furthermore,  s i n c e  t h e  
vapor  pressure o f  wa te r  over  a f l a t  s o l u t i o n  of  a given s o l u t e  weight 
pe rcen tage  (W,) i s  a f u n c t i o n  o f  tempera ture  on ly ,  and s i n c e  t h e  Kelvin 
e f f e c t  i n  t h e  vapor  p r e s s u r e  i s  important  on ly  f o r  ve ry  smal l  a e r o s o l  
p a r t i c l e s ,  a l l  t h e  d r o p l e t s  would be c h a r a c t e r i z e d  by a s p e c i f i c  W i f  they 





i m p l i e s  t h a t  a l a r g e  p a r t i c l e  would c o n t a i n  more s u l p h u r i c  a c i d  f o r  a g iven  
ambient water vapor c o n c e n t r a t i o n  (W). 
A s  mentioned e a r l i e r ,  S t e e l e  and Hamill  ( 1981) have used 0 = 1.86 and r 
g 
= 0.0725 pm i n  t h e i r  c a l c u l a t i o n  o f  t h e  a e o r s o l  e x t i n c t i o n  a t  1 pm. These 
c o n s t a n t s  a r e  a l s o  in t roduced  i n t o  t h e i r  s t u d y  o f  t h e  format ion  o f  P o l a r  
S t r a t o s p h e r i c  Clouds. Yue and Deepak (1984) have assumed T = 200°K, W = 75%, 
and 0 = 1.86 i n  t h e i r  development o f  t h e  a e r o s o l  s i z e  r e t r i e v a l  method from 
measurements a t  two wavelengths .  I n  r e a l i t y ,  however , t h e  s t r a t o s p h e r i c  
tempera ture  may have a range from 185 K t o  230 K. S i m i l a r l y ,  t h e  v a l u e s  o f  U 
and r may change from p l a c e  t o  p l a c e  and t i m e  t o  t ime.  For example, a mode 
r a d i u s  r of  0.097 pm and a sp read  u o f  2.02 a r e  cons idered  t o  be a p p r o p r i a t e  
f o r  t h e  s t r a t o s p h e r e  fo l lowing  a moderate v o l c a n i c  event  (Chu and McCormick, 
1979). Furthermore,  i n  t h e  f r e e  t roposphe re ,  a v a l u e  f o r  0 of  2.985 i s  




I n  t h i s  s e c t i o n ,  we s h a l l  examine t h e  v a r i a t i o n s  o f  a e r o s o l  e x t i n c t i o n s  
a t  1.0 pm and 0.45 pm f o r  d i f f e r e n t  v a l u e s  o f  0 and r a t  v a r i o u s  ambient 
tempera tures  and water  vapor .  I n  a d d i t i o n ,  t h i s  s t u d y  a l s o  examines t h e  
dependence o f  t h e  a e r o s o l  s i z e  on t h e  e x t i n c t i o n  r a t i o  (0 .45  pm t o  1.0 pm) 
under v a r i o u s  cond i t ions  o f  a tmospher ic  t empera tu re ,  water  vapor ,  and t h e  
width of  t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  (a) v a l u e s .  I t  s e r v e s  a s  a 
s e n s i t i v i t y  a n a l y s i s  f o r  r e t r i e v a l  s t u d i e s  of t h e  s t r a t o s p h e r i c  a e r o s o l  s i z e  
d i s t r i b u t i o n s  using SAGE I1 mul t iwavelength  a e r o s o l  e x t i n c t i o n s .  A s  shown i n  
S e c t i o n  6 .1 ,  the r e t r i e v e d  a e r o s o l  s i z e  d i s t r i b u t i o n s  from SAGE I1 
measurements can be f u r t h e r  u s e d  f o r  SAGE I1 d a t a  v a l i d a t i o n  purposes .  
g 
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3.1.2 Computation and r e s u l t s  
S ince  t h e  i n t e n t i o n  of  t h i s  a n a l y s i s  i s  t o  examine t h e  s e n s i t i v i t i e s  o f  
t h e  c a l c u l a t e d  a e r o s o l  e x t i n c t i o n  a t  1.0 pm and 0.45 pm wavelengths ,  a t  g iven  
t empera tu res ,  wi th  r e s p e c t  t o  changes i n  water vapor  c o n c e n t r a t i o n  and 
a e r o s o l  s i z e  d i s t r i b u t i o n ,  c o n s i d e r a t i o n  o f  t h e  i n f l u e n c e  o f  dynamics i s  no t  
necessa ry .  In  t h e  a n a l y s i s ,  t h e  t h e o r e t i c a l  model developed by S t e e l e  and 
H a m i l l  (1981) i s  employed f o r  computation. The log-normal r e p r e s e n t a t i o n  o f  
Eq. 3.1 i s  used t o  de te rmine  t h e  aerosol  o p t i c a l  p r o p e r t i e s  acco rd ing  t o  t h e  
Mie s c a t t e r i n g  theo ry .  I n  a d d i t i o n ,  w e  d i s c u s s  only  t h e  c a s e  o f  supercooled  
d r o p l e t s  a t  s u f f i c i e n t  low tempera ture ,  a l though  S t e e l e  and Hamill  (1981) 
have concluded t h a t ,  i n  t h e  c a s e  o f  PSCs, t h e  p a r t i c l e s  a r e  more l i k e l y  t o  be 
f rozen  ones.  
F i g u r e s  3.Ia t o  3 . lc  show t h e  c a l c u l a t e d  r e s u l t s  o f  a e r o s o l  e x t i n c t i o n  
a t  1.0 pm f o r  f i x e d  (J v a l u e s  of  1.674, 1.86, and 2.064, r e s p e c t i v e l y .  T h e  
v a l u e  1.86 i s  t h e  most widely used v a l u e  f o r  d e s c r i b i n g  t h e  background 
s t r a t o s p h e r i c  a e r o s o l .  The lower and h i g h e r  v a l u e s  o f  0 d i f f e r  from t h i s  
v a l u e  by -1OX and + ] O X ,  r e s p e c t i v e l y .  For each f i x e d  0 ,  t h e  e x t i n c t i o n  i s  
c a l c u l a t e d  f o r  mode r a d i u s  (r w i t h  v a l u e s  0 .05 ,  0.07, 0 .09 ,  0. 1 1 ,  and 0.13 
pm and water vapor  mixing r a t i o s  o f  2 ,  4 ,  and 6 ppmv. These wa te r  vapor  
c o n c e n t r a t i o n s  correspond t o  t h e  vapor p r e s s u r e  of 2 x 10 , 4 x and 6 
x 10 mb, r e s p e c t i v e l y ,  a t  t h e  100 mb a tmospher ic  p r e s s u r e  l e v e l .  F igu res  
3 . Ia  t o  3.Ic show many i n t e r e s t i n g  f e a t u r e s .  F i r s t  o f  a l l ,  t h e  e x t i n c t i o n  
f o r  t empera tu res  g r e a t e r  than  about 210 K i s  not  s e n s i t i v e  t o  changes i n  
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becomes r eve r sed  a t  su f f i c i en t ly  low t empera tures  a s  t h e  a e r o s o l  p a r t i c l e s  have 
grown by abso rb ing  l a r g e  amounts of  water  molecules  s o  t h a t  t hey  become 
almost  pu re  water  d r o p l e t s .  These f e a t u r e s  have been noted by S t e e l e  e t  a l .  
( 1 9 8 4 ) .  Figure  3 . 1  a l s o  d e p i c t s  t h e  s e n s i t i v i t y  of  t h e  e x t i n c t i o n  t o  changes 
i n  O .  T h i s  s e n s i t i v i t y  i s  b e t t e r  desc r ibed  i n  F ig .  3.2 .  F i g u r e  3.2 shows t h e  
v a r i a t i o n  o f  t h e  1.0 pm e x t i n c t i o n  wi th  tempera ture  f o r  a f i x e d  mode r a d i u s  
r (= 0.0725 pm) a t  t h e  t h r e e  cons t an t  o v a l u e s  mentioned e a r l i e r ,  i . e . ,  
1.674,  1 . 8 6 ,  and 2.046.  For each of t h e  0 v a l u e s ,  computat ions a r e  c a r r i e d  
o u t  aga in  f o r  water  vapor  concen t r a t ions  o f  2 ,  4 ,  6 ppmv. F igu re  3 . 2  shows 
t h a t  a 10% change i n  O may lead approximately t o  a f a c t o r  of 3 change i n  t h e  
e x t i n c t i o n  f o r  t empera tu res  above a c e r t a i n  t h r e s h o l d  v a l u e ,  below which t h e  
d r o p l e t  becomes a supercooled  p a r t i c l e .  
g 
The r e s u l t s  of t h e  cor responding  a n a l y s i s  f o r  wavelength 0 . 4 5  a r e  
g iven  i n  F i g u r e s  3.3(a-c) and 3.4 i n  terms of t h e  wavelength e x t i n c t i o n  r a t i o  
(de f ined  a s  t h e  r a t i o  o f  e x t i n c t i o n  a t  0.45  pm t o  t h a t  a t  1.0 pm). One may 
n o t i c e  from F igure  3 . 3 ,  t h a t  f o r  a f i x e d  0 ,  a doubl ing  o f  t h e  v a l u e  o f  r 
g 
l e a d s  t o  a r e d u c t i o n  o f  t h i s  r a t i o  by a f a c t o r  o f  approximate ly  3 ,  where 0 = 
1.674,  f o r  a given wa te r  vapor  concen t r a t ion  and a given tempera ture  above 
210 K .  F i g u r e  3 . 3  a l s o  shows t h a t  t h i s  r educ t ion  d e c r e a s e s  a s  o i n c r e a s e s .  
F igu re  3.4 i s  t h e  same a s  F igu re  3 . 2 ,  except  t h a t  i t  i s  f o r  t h e  wavelength 
e x t i n c t i o n  r a t i o .  I t  i n d i c a t e s  t ha t  t h e  s e n s i t i v i t y  o f  t h e  e x t i n c t i o n  r a t i o  
t o  changes i n  0 f o r  f i x e d  va lues  o f  r , t empera tu re ,  and wa te r  vapor  
c o n c e n t r a t i o n  depends on t h e  v a l u e  of 0 i t s e l f .  A dec rease  of  o from 1.86 t o  
1.674 l e a d s  t o  an  i n c r e a s e  o f  t h e  r a t i o  by a f a c t o r  o f  approximate ly  2 i n  t h e  






































To f u r t h e r  examine t h e  r e l a t i o n s h i p  between t h e  mode r a d i u s  r and t h e  
wavelength e x t i n c t i o n  r a t i o  under v a r i o u s  v a l u e s  o f  wa te r  vapor  
c o n c e n t r a t i o n ,  0 , and tempera ture ,  t h e  a e r o s o l  e x t i n c t i o n  r a t i o  h a s  been 
de termined  f o r  a range o f  v a l u e s  of r from 0.01 pm t o  0.30 pm. The r e s u l t s  
o f  t h i s  c a l c u l a t i o n  f o r  a temperature  190 K a r e  shown i n  F igu re  3.5. L ike  t h e  
s t u d y  g iven  i n  F i g u r e  3.2,  t h e  a n a l y s i s  i nvo lves  t h r e e  v a l u e s  o f  0 , i . e . ,  
1.674, 1.86, and 2.046. For each of t h e s e  v a l u e s ,  t h e  s e n s i t i v i t y  s t u d y  i s  
c a r r i e d  ou t  with r e s p e c t  t o  four  d i f f e r e n t  v a l u e s  o f  wa te r  vapor  
c o n c e n t r a t i o n s  (f rom 2 ppmv t o  8 ppmv). I n  F ig .  3 .5 ,  t h e  r e s u l t s  f o r  2 ppmv 
a r e  g iven  by t h e  s o l i d  l i n e s .  The dashed l i n e s  correspond t o  4 ppmv, and t h e  
so l id-dashed  l i n e s  are  f o r  6 ppmv and 8 ppmv. F i r s t  o f  a l l ,  t h e  e x t i n c t i o n  
r a t i o  shows a monotonic i n c r e a s e  with t h e  dec rease  o f  t h e  mode r a d i u s .  
S i m i l a r  f e a t u r e s  can be found i n  t h e  a n a l y s i s  by Yue and Deepak (1983, F igu re  
3 . l a ) .  F i g u r e  3 .5  a l s o  shows t h a t  the e x t i n c t i o n  r a t i o  i s  s e n s i t i v e  t o  t h e  
v a l u e  o f  0, e s p e c i a l l y  when t h e  mode r a d i u s  i s  smal l  ( e . g . ,  less than  0.1 
pm). A s  t o  t h e  i n f l u e n c e  o f  t h e  w a t e r  vapor  c o n c e n t r a t i o n ,  t h e  r a t i o  does 
not  seem t o  be s e n s i t i v e  t o  i t s  v a r i a t i o n  i n  t h e  range from 2 ppmv t o  8 
ppmv. The reason  t h a t  t h e  two h igher  water  vapor  c o n c e n t r a t i o n  c a s e s ,  i n  
p a r t i c u l a r ,  show very  s i m i l a r  va lues  f o r  t h e  e x t i n c t i o n  r a t i o s  i s  t h a t ,  f o r  
tempera ture  ( 190°K) and 0 , t h e  a e r o s o l  p a r t i c l e s  a r e  t h e  g iven  r 
supercooled  d r o p l e t s  i n  t h i s  model c a l c u l a t i o n .  A s  a r e s u l t ,  they  have ve ry  
s i m i l a r  o p t i c a l  p r o p e r t i e s .  From F i g u r e  3.5, i t  i s  c l e a r  t h a t  t h e  e x t i n c t i o n  
r a t i o  i s  r a t h e r  i n s e n s i t i v e  t o  t h e  water vapor  c o n c e n t r a t i o n  i n  t h e  range  
from 2 ppmv t o  8 ppmv a t  a given tempera ture .  S i m i l a r  computat ions have been 
made f o r  tempera ture  a t  200°K and 210 K .  The  r e s u l t s  of t h e s e  computat ions 
g '  
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d i f f e r  on ly  s l i g h t l y  from t h o s e  shown i n  F ig .  3.5. I n  o t h e r  words,  t h e  
e x t i n c t i o n  r a t i o  i s  not  ve ry  s e n s i t i v e  t o  changes i n  tempera ture .  
3.1.3 Discussion. 
S a t e l l i t e  technology g i v e s  u s  an e f f e c t i v e  means o f  s tudy ing  
s t r a t o s p h e r i c  a e r o s o l s  w i t h  g l o b a l  s c a l e  coverage.  These measurements are  
accomplished through de te rmina t ion  of  t h e  o p t i c a l  p r o p e r t i e s  o f  a e r o s o l  
p a r t i c l e s .  The i n t e r p r e t a t i o n  of  the measured o p t i c a l  p r o p e r t i e s  , as  wel l  a s  
t h e  r e t r i e v a l  from s a t e l l i t e  e x t i n c t i o n  measurements o f  t h e  e s s e n t i a l  
parameters  o f  t h e s e  p a r t i c l e s ,  s u c h  as  s i z e  d i s t r i b u t i o n ,  composi t ion e t c .  , 
r e l y  on d e t a i l e d  model a n a l y s e s .  I n  t h i s  s e c t i o n ,  w e  have examined t h e  
e f f e c t  o f  t empera tu re ,  wa te r  vapor ,  and a e r o s o l  s i z e  d i s t r i b u t i o n  on t h e  
a e r o s o l  e x t i n c t i o n s  a t  0.45 pm and i.0 pm wavelengths ,  and t h e i r  r a t i o  ( 0 . 4 5  
pm t o  1.0 pm). I t  i s  concluded t h a t  t h e  e x t i n c t i o n s  a t  t h e s e  two wavelengths  
a r e  no t  s e n s i t i v e  t o  changes i n  ambient wa te r  vapor  p r e s s u r e  but  t o  t h e  mode 
r a d i u s  ( r  ) f o r  t empera tu res  g r e a t e r  t h a n  about 210 K .  T h i s  c o n d i t i o n  becomes 
r eve r sed  a t  s u f f i c i e n t l y  low t empera tures .  I f  we va ry  t h e  width of t h e  s i z e  
d i s t r i b u t i o n  0 , i t  i s  found t h a t  a 10% change i n  0 may l e a d  approximately t o  
a f a c t o r  of  3 change i n  t h e  e x t i n c t i o n s .  A s  t o  dependence of t h e  wavelength 
e x t i n c t i o n  r a t i o  on ambient tempera ture ,  water  vapor  c o n c e n t r a t i o n ,  and t h e  
s i z e  d i s t r i b u t i o n ,  i t  i s  shown t h a t ,  fo r  s u f f i c i e n t l y  s m l ?  mcde r a d i u s  ( r  < 
0. 1 pm), t h e  e x t i n c t i o n  r a t i o  is s e n s i t i v e  t o  changes i n  mode r a d i u s .  Th i s  




&L C l d L  _  tiis waveiengt;, ratio is - - -  i i u ~  s e 1 1 s i L i v e  - - - - - - - - - - t o  cfiaiiges i n  ambient  
t empera ture  and wa te r  vapor  concen t r a t ion  but  t o  t h e  width o f  t h e  s i z e  
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d i s t r i b u t i o n  (01, e s p e c i a l l y  when t h e  mode r a d i u s  i s  less t h a n  0.1 pm. A s  a 
r e s u l t  o f  t h i s  s e n s i t i v i t y ,  one can  on ly  d e r i v e  an e q u i v a l e n t  mode r a d i u s  
from t h e  e x t i n c t i o n  in fo rma t ion  a t  two wavelengths  ( i . e . ,  0.45 pm and 1.0 
P )  . T h i s  f e a t u r e  h a s  been noted  i n  t h e  s t u d y  by Lenoble e t  a l .  (1984) .  
They mentioned t h a t ,  roughly ,  an i n c r e a s e  o f  0 from 1.6 t o  1.92 g i v e s  resul ts  
e q u i v a l e n t  t o  an approximate r e d u c t i o n  o f  r a d i u s  ( r  ) by a f a c t o r  o f  2. 
Obviously,  t o  r e so lve  t h i s  problem, i t  i s  necessa ry  t o  i n c o r p o r a t e  a t  l e a s t  a 
t h i r d  independent e x t i n c t  ion measurement. With t h i s  a d d i t i o n a l  i n fo rma t ion ,  
i t  i s  p o s s i b l e  t o  de te rmine  0 appeared i n  Eq. 3 . 1 .  A s  shown i n  S e c t i o n  6 . 1 ,  
t h e  SAGE I1 mult iwavelength a e r o s o l  e x t i n c t i o n  measurements a l low u s  t o  
d e r i v e  0 a s  wel l  as r i n  t h e  r e t r i e v a l  a n a l y s i s .  Furthermore,  t h e  
measurement from t h e  SAGE I1 wa te r  vapor  channel  w i l l  a l s o  l e a d  t o  
informat ion  about t h e  composi t ion of t h e  s t r a t o s p h e r i c  a e r o s o l s .  
g 
g 
3.2 Dependence of Aerosol  Composition on Water Vapor and Temperature 
The pre l iminary  r e s u l t s  of  t h e  SAGE I1 water  vapor  measurements d u r i n g  
A p r i l  1985 a r e  be ing  used i n  con junc t ion  w i t h  t h e  t empera tu re  p r o f i l e s  
provided by NOAA t o  i n v e s t i g a t e  t h e  chemical  composi t ion o f  s t r a t o s p h e r i c  
a e r o s o l s .  Th i s  i n v e s t i g a t i o n  a l s o  s e r v e s  a s  an a d d i t i o n a l  d a t a  v a l i d a t i o n  
a n a l y s i s  f o r  the SAGE I1 water  vapor  measurement. I n  t h i s  a n a l y s i s ,  t h e  
water  vapclr p a r t i a l  p r e s s u r e s  a t  a given s t anda rd  p r e s s u r e  l e v e l  i n  t h e  lower 
s t r a t o s p h e r e  a re  ob ta ined  from t h e  SAGE I1 measurements us ing  an 
i n t e r p o l a t i o n  scheme. The i n t e r p o l a t e d  r e s u l t s  a r e  set  i n  a 2-dimensional 
space ,  ( i . e .  , water vapor  p r e s s u r e  a g a i n s t  t empera tu re ) .  The r e s u l t s  of  a 
t y p i c a l  example of t h e  a n a l y s i s  a t  100 mb p r e s s u r e  l e v e l  a r e  given i n  F igu re  
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3 . 6 .  F i g u r e  3.6  shows a l s o  t h e  d i s t r i b u t i o n  curves  of  e q u i l i b r i u m  water  vapor  
p r e s s u r e  a s  a f u n c t i o n  o f  temperature  f o r  pu re  w a t e r ,  pu re  i c e ,  and s i x  
d i f f e r e n t  H SO weight pe rcen tages  of s u l p h u r i c  ac id-water  s o l u t i o n s .  As one 
can  see,  t h e  m a j o r i t y  of  t h e  Apr i l  o b s e r v a t i o n s  show an  e q u i l i b r i u m  wa te r  
vapor  p r e s s u r e  of about  3 x 10 mb, and i n d i c a t e  a H SO weight  pe rcen tage  of  
70% o r  so  f o r  a e r o s o l  d r o p l e t s .  I n  F igu re  3 . 6 ,  s e v e r a l  SAGE I1 measurements 
of  water vapor  p r e s s u r e  show v a l u e s  lower than  3 x IO+mb. These v a l u e s  a r e  
u n l i k e l y  t o  be  r e a l  f o r  t h e  reason  tha t  t h e  a s s o c i a t e d  a i r  p a r c e l s  would have 
t o  go through an environment wi th  tempera tures  below 180°K t o  have most o f  
t h e  wa te r  removed. These low SAGE I1 water  vapor  r e s u l t s  may have occurred  
due t o  ove r -co r rec t ion  f o r  t he  ae roso l  e f f e c t s  on t h e  wa te r  vapor  channel  
measurements ( p r i v a t e  communication with W. p. Chu). 
2 4  
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Figure  3.6 a l s o  i n d i c a t e s  t h a t  many SAGE I1 wa te r  vapor  measurements 
sugges t  r e l a t i v e l y  low v a l u e s  o f  H SO weight percentage  o f  t h e  a e r o s o l  
2 4  
d r o p l e t s .  T h e s e  a e r o s o l  p a r t i c l e s  may be  of t r o p o s p h e r i c  o r i g i n  and a r e  
l o c a t e d  i n  t h e  t r o p i c s .  I n  o r d e r  t o  see t h e  v e r t i c a l  v a r i a t i o n s  o f  t h e  
a e r o s o l  composi t ion ,  t h e  p re l imina ry  SAGE I1  water  vapor  informat ion  and t h e  
a s s o c i a t e d  t empera tu re  p r o f i l e  have been used t o  e s t i m a t e  the  pe rcen tage  
weight o f  H 2 S 0 4  i n  t h e  a e r o s o l  d r o p l e t s .  We have p l o t t e d  each v e r t i c a l  
p r o f i l e  sampled i n  the  t r o p i c a l  region s e p a r a t e l y  from t h a t  o f  n o r t h e r n  high 
l a t i t u d e s  ( >  5 O o N )  t o  ga in  some understanding of t h e  l a t i t u d i n a l  v a r i a t i o n .  
T h e s e  r e s u l t s  a r e  d i sp l ayed  i n  Figures 3.7a and 3 .7b ,  r e s p e c t i v e l y .  A s  shown 
i n  F i g u r e  3.7a,  a l l  t h e  t y p i c a l  p r o f i l e s  a r e  f e a t u r e d  g e n e r a l l y  by a 
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t empera tu re  and h igh  p r e s s u r e ,  t o  t h e  low t empera tu res  ( -  200°K) as  t h e  
a l t i t u d e  i n c r e a s e s .  A s  t h e  a l t i t u d e  i n c r e a s e s  f u t h e r ,  a l l  t h e  p r o f i l e s  
become merged t o g e t h e r  a t  a l o c a t i o n  s p e c i f i e d  approximate ly  by T-2 lOoK and 
V=2.5xlO mb. These p r o f i l e s  t hen  s lope  down toward t h e  r i g h t  as  t h e  a l t i t u d e  
c o n t i n u e s  t o  i n c r e a s e .  It  must be po in ted  o u t  t h a t  t h e  p a r t  of t h e  p r o f i l e  
which shows h i g h e r  water vapor  p re s su re  t h a n  t h a t  f o r  t h e  pu re  water i s  
u n l i k e l y  t o  be rea l .  S i m i l a r l y ,  t he  p o r t i o n  o f  t h e  d a t a  wi th  t h e  water vapor  
p r e s s u r e  below “10 mb n e a r  T=200 K is  probably  q u e s t i o n a b l e .  
-4 
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I n  t h e  case o f  A p r i l  1985 SAGE I1 water vapor  a t  n o r t h e r n  h igh  l a t i t u d e s  
(> 50°N), F i g u r e  3.7b i n d i c a t e s  g e n e r a l l y  t h a t  t h e  tempera ture  and water 
vapor  p r e s s u r e  dec reases  f i r s t  a s  t h e  a l t i t u d e  i n c r e a s e s  u n t i l  a t empera tu re  
“200°K i s  reached.  This  c h a r a c t e r i s t i c  t empera tu re  must correspond t o  t h e  
t ropopause  t empera tu re  a t  t h i s  h igh  l a t i t u d e  r eg ion .  S ince  t h e  a l t i t u d e  o f  
t h i s  t empera tu re  ex tends  up s e v e r a l  k i l o m e t e r s ,  t h e  v e r t i c a l  p r o f i l e s  o f  t h e  
water vapor  on T-V diagram show a drop  o f  wa te r  vapor  p r e s s u r e  with 
r e l a t i v e l y  less tempera ture  changes as  t h e  a l t i t u d e  i n c r e a s e s  i n  t h i s  
p a r t i c u l a r  a l t i t u d e  r eg ion .  T h e  f u r t h e r  i n c r e a s e  i n  a l t i t u d e  r e s u l t s  i n  
f u r t h e r  d e c r e a s e s  i n  wa te r  vapor  p r e s s u r e  and i n c r e a s e s  i n  tempera ture .  
Thus,  t h e  p r o f i l e s  on t h e  T-V p l o t  show a s l o p i n g  down towards t h e  lower 
r i g h t  c o r n e r  similar t o  t h a t  i n  t h e  t r o p i c s  ( F i g u r e  3 .7a ) .  
I n  conc lus ion ,  we have found t h a t  t h e  behav io r  o f  t h e  water vapor  and 
t empera tu re  i n  t h e  t r o p i c s  f o r  t h e  month of A p r i l  is  g e n e r a l l y  d i f f e r e n t  from 
r L  LUQL - c a t  h igh  lt i i i i i ides.  i n  a d d i i i t i i ,  the e x i s t i r i g  SAGE II pre? iminary  wa te r  
vapor  d a t a  se t  a t  high l a t i t u d e s  looks more r easonab le  than  t h a t  i n  t h e  
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t r o p i c s .  However, s i n c e  t h e  lower water vapor  v a l u e s  may be t h e  r e s u l t  of an 
a e r o s o l  c o r r e c t i o n  problem and s i n c e  t h e  a e r o s o l  l oad ing  from E l  Chichon 
seems t o  be decaying ( s e e  S e c t i o n  4. l ) ,  t h e  SAGE I1 water vapor  d a t a  should  
become more reasonable  w i t h  t i m e  than  e x h i b i t e d  i n  t h e  A p r i l  1985 d a t a  s e t .  
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4. TASK 3--INVESTIGATE THE INJECTION OF VOLCANIC MATERIAL INTO THE 
STRATOSPHERE INCLUDING GLOBAL LOADING AND TRANSPORT 
4 .1  S t r a t o s p h e r i c  E f f e c t s  of t h e  E l  Chichon Volcanic E r u p t i o n  
The most s i g n i f i c a n t  event  a f f e c t i n g  t h e  s t r a t o s p h e r i c  a e r o s o l  t h a t  h a s  
occur red  w i t h i n  t h e  p a s t  twenty yea r s  w a s  t h e  series o f  e r u p t i o n s  o f  t h e  E l  
Chichon volcano  i n  March/April  1982. These e r u p t i o n s  u n f o r t u n a t e l y  occur red  
a f t e r  t h e  f a i l u r e  o f  t h e  SAGE I App l i ca t ion  Exp lo re r  Miss ion  S a t e l l i t e  power 
supply  and be fo re  t h e  launch o f  SAGE 11. The s t r a t o s p h e r i c  i n j e c t i o n  by t h e s e  
e r u p t i o n s  h a s  been such  a s  t o  dominate t h e  s t r a t o s p h e r i c  a e r o s o l  f o r  s e v e r a l  
y e a r s  a f t e r  t h e  e r u p t i o n s .  It is only r e c e n t l y  t h a t  t h e  a e r o s o l  l e v e l ,  s t i l l  
several t imes t h a t  e x i s t i n g  a t  i t s  lowest  v a l u e  i n  1979, h a s  dropped enough 
f o r  t h e  e f f e c t s  o f  o t h e r  smaller e r u p t i o n s  t o  be d e t e c t a b l e  ( e .g . ,  t h a t  o f  
Ruiz i n  November, 1985). I n  s p i t e  o f  t h e  f a c t  t h a t  g l o b a l  s a t e l l i t e  
e x t i n c t i o n  d a t a  were no t  a v a i l a b l e  f o r  t h e  e a r l i e r  phases  o f  t h e  E l  Chichon 
p e r i o d ,  t h e  e f f e c t s  have been w e l l  s t u d i e d .  Methods o f  s tudy  have inc luded  
use  o f  d a t a  ga the red  by t h e  SAM I1 s a t e l l i t e  and NASA-LaRC a i r b o r n e  l i d a r  
system, a s  w e l l  as  by numerous o t h e r  expe r imen ta l  t echn iques .  I n  view o f  t h e  
importance o f  t h e s e  e r u p t i o n s  and t h e  r e l a t i v e l y  s t r o n g  e f f e c t s  s t i l l  
remain ing  a t  t h e  time o f  launch o f  SAGE 11, a review has  been prepared  on t h e  
o b s e r v a t i o n s  of  t h e  e f f e c t s  between A p r i l  1982 t o  J u l y  1985. This  r ev iew h a s  
inc luded  d a t a  from SAM 11, t h e  NASA-LaRC a i r b o r n e  l i d a r ,  a s  we l l  a s  e a r l y  
d a t a  from SAGE 11. Where appropr i a t e  and necessa ry ,  d a t a  from o t h e r  s e n s o r  
systems have been i n t e g r a t e d .  The rev iew w a s  p re sen ted  a s  an  i n v i t e d  paper  
a t  t h e  Workshop on Ozone Var i a t ions  on C l i m a t o l o g i c a l  T ime  Sca le s :  
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Observa t ions  and Theory and P e r t u r b a t i o n s  by W Flux V a r i a t i o n s  and t h e  
Erupt ion  of E l  Chichon, he ld  i n  Sa lzburg ,  Aus t r i a ,  August 19-22, 1985. A copy 
of t h e  a b s t r a c t  of the review paper  is a t t a c h e d  t o  t h i s  r e p o r t  as Appendix 2. 
The paper  is  scheduled t o  be pub l i shed  as p a r t  of a Middle Atmosphere Program 
(MAP) Handbook ( K e n t  and McCormick, 1985b).  
50 TASK 4--IUG THE STUDY OF PHYSICAL CHBWICAL PROCESSES 
5.1 Analysis of SAGE I1 and Correlative Measurements on August 7,  1985 at  
Fairbanks, Alaska 
The presence  of a e r o s o l s  i n  t h e  lower s t r a t o s p h e r e  and t h e  upper 
t r o p o s p h e r e  a f f e c t s  t h e  r e t r i e v a l  of SAGE I1 water vapor measurements. T h i s  
is a l s o  p a r t i c u l a r l y  t r u e  when t h e r e  are o c c u r r e n c e s  of s u b v i s i b l e  or v i s i b l e  
c i r r u s  c l o u d s  (Woodbury and McCorrnick, 1983, 1986).  It  i s  found t h a t  d u r i n g  
t h e  SAGE I1 ground correlative measurements conducted on August 7 ,  1985 a t  
F a i r b a n k s ,  Alaska,  t h e  aerosol e x t i n c t i o n  measurements from t h e  SAGE I1 
i n s t r u m e n t  r e v e a l e d  t h e  presence of c l o u d s .  This  s i t u a t i o n  is  i l l u s t r a t e d  i n  
F i g u r e  5.1. I n  t h i s  s e c t i o n ,  w e  d i s c u s s  t h e  a n a l y s i s  of t h e  format ion  and 
e v o l u t i o n  of aerosols i n c l u d i n g  t h e i r  p h y s i c a l  and chemica l  properties u s i n g  
t h i s  SAGE I1 and c o r r e l a t i v e  d a t a  set. S i n c e  t h e  sa te l l i t e  i n s t r u m e n t  i s  
viewing t h e  atmosphere from space ,  it i s  p o s s i b l e  t o  locate t h e  c loud  top 
h e i g h t  w i t h i n  t 0.5km which is t h e  accuracy  of  t h e  v e r t i c a l  r e s o l u t i o n  of  t h e  
SAGE I1 ins t rument .  F igure  5.1 i n d i c a t e s  c l e a r l y  t h e  c loud  top i s  located 
somewhere between a l t i t u d e s  11  and 12 km. T h i s  r e s u l t  is f u r t h e r  confimred 
by t h e  c o r r e l a t i v e  dus tsonde  observa t ions .  F igure  5.2 shows t h e  v e r t i c a l  
p r o f i l e s  of t h e  dus tsonde  measurements f o r  t h e  N and N channels .  The 
d i s t i n c t  peaks of t h e s e  t w o  channels ,  which appeared a t  a l t i t u d e  12 km, a r e  
remarkable.  These t w o  p r o f i l e s  f u r t h e r  i n d i c a t e  t h a t  t h e  v e r t i c a l  e x t e n t  of 
t h e  s u b v i s i b l e  c loud  is a l i t t l e  over 1 km. 
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Figure  5.1. P re l imina ry  SAGE I1 a e r o s o l  e x t i n c t i o n  p r o f i l e s  
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The a s s o c i a t e d  t empera tu re  p r o f i l e  f o r  t h e  dus t sonde  measurements i s  
d i s p l a y e d  i n  F igu re  5.3 by the  d o t s .  F i g u r e  5.3 a l s o  shows t h e  t empera tu re  
p r o f i l e  ob ta ined  by O l t m a n s  of NOAA/ARL, and tha t  of t h e  SAGE I1 p r e l i m i n a r y  
d a t a  se t  provided by N O M .  Although t h e r e  i s  some d i f f e r e n c e  i n  t empera tu re  
between t h e  one a s s o c i a t e d  w i t h  dus t sonde  measurements and that  ob ta ined  by 
O l t m a n s ,  t hey  both i n d i c a t e  a l a y e r  of c o l d e s t  a i r  l o c a t e d  approximate ly  a t  
a n  a l t i t u d e  of 12 km. They a l s o  sugges t  t h a t  t h e  v e r t i c a l  e x t e n t  of t h i s  
c o l d e s t  l a y e r  i s  about  1 km. S i n c e  t h i s  i s  a t  summer season ,  i t  i s  p o s s i b l e  
t h a t  t h e  convec t ive  a c t i v i t y  l e a d s  t o  upward a i r  motion,  and t h e  f o r m a t i o n  of 
c louds  through a d i a b a t i c  coo l ing  p rocesses .  It  i s  a l s o  p o s s i b l e  t h a t  t h i s  
c loud i s  developed by a s s o c i a t i n g  w i t h  a f r o n t a l  system. I n  o r d e r  t o  see t h e  
d e t a i L s  of t h e  development, w e  have  examined t h e  a v a i l a b l e  correlat ive water 
vapor  p r o f i l e s .  The water vapor  p r e s s u r e  and t h e  cor responding  t empera tu re  
from O l t m a n s '  measurements and t h a t  provided  on t h e  SAGE 11 p r o f i l e  t a p e  is  
p l o t t e d  on a T-V diagram (i .e. ,  t empera tu re  against vapor  p r e s s u r e ) .  T h i s  i s  
g i v e n  i n  F i g u r e  5.4. The advantage  of u s i n g  a T-V diagram i s  t h a t  i t  p rov ides  
a n  estimate of t h e  weight pe rcen tage  of H SO f o r  t h e  s t r a t o s p h e r i c  a e r o s o l  
d r o p l e t s ,  and a l s o  i n d i c a t e s  p o s s i b l e  f o r m a t i o n  of water or  i ce  c louds .  I n  
F i g u r e  5 . 4 ,  t h e  f i v e  numbers i n  t h e  pa ren theses  by t h e  symbols i n d i c a t e  t h e  
a l t i t u d e s  i n  kilometers of O l t m a n s '  measurements. The l o c a t i o n  of t h e  
cor responding  d a t a  po in t  of t h e  SAGE 11 o b s e r v a t i o n s  a t  t h e  same a l t i t u d e  can  
b e  i d e n t i t i e d  by t h e  cor responding  symboi i n  this T-V diagram. 
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I n  F igu re  5 . 4 ,  t h e  r e s u l t s  of O l t m a n s '  i n  s i t u  measurements a r e  
d i f f e r e n t  i n  two aspects from t h o s e  i n f e r r e d  from t h e  SAGE I1 d a t a  se t .  I n  
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Figure 5 . 3 .  Comparison of temperature p r o f i l e s  a s soc ia ted  
with  dustsonde observat ion,  Oltmans' water 
vapor measurements, and SAGE 11 (Ngp-4). 
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F i g u r e  5.4. The vapor  p r e s s u r e  as  a f u n c t i o n  of t empera tu re  over  water. 
i ce  and s i x  d i f f e r e n t  H2SO4 weight  pe rcen tages  of s u l p h u r i c -  
wriier s o i u t i o i l s .  The two p r o f i l e s  vith s>mbcls  are ~ b t a i n e d  
from Oltmans' o b s e r v a t i o n s  and from SAGE I1 water vapor  and 
NOAA t empera ture  d a t a .  The numbers i n  t h e  b r a c k e t s  i n d i c a t e  
t h e  a l t i t u d e  i n  km of a s s o c i a t e d  d a t a  p o i n t s  (symbols).  
t h e  f i r s t  p l a c e ,  N O M  s a t e l l i t e  der ived  t empera tu re  d a t a  on SAGE I1 p r o f i l e  
t a p e s  is  about 5 O C  h i g h e r  t h a n  Oltmans' b a l l o o n  d a t a .  Secondly,  t h e  
p r e l i m i n a r y  SAGE I T  water vapor  d a t a  below a l t i t u d e  15 km are  about  a f a c t o r  
2 g r e a t e r  t h a n  O l t m a n s ' .  Fo r  t h i s  reason, t h e  fo l lowing  d i s c u s s i o n  is  based 
on Oltmans '  r e s u l t s .  It is  i n t e r e s t i n g  t o  no te  t h a t  h i s  d a t a  a t  10 km are  
l o c a t e d  r i g h t  on t h e  s a t u r a t i o n  vapor p r e s s u r e  cu rve  f o r  pu re  ice.  Th i s  
f e a t u r e  i n d i c a t e s  t h a t  t h e  bottom of t h e  cloud l a y e r  i s  about  a t  t h i s  l e v e l .  
A t  a l t i t u d e  11 km, t h e  d a t a  p o i n t  is  s t i l l  very  c l o s e  t o  t h e  p u r e  i ce  curve.  
A s  t h e  a l t i t u d e  i n c r e a s e s  from 11 km, t h e  observed vapor  p r e s s u r e  d e p a r t s  
from t h e  pu re  ice curve.  The d a t a  a t  12 km, as one can  see, correspond 
approximate ly  t o  t h e  l e v e l  of t h e  c o l d e s t  t empera tu re  ( A L S O  shown i n  F i g u r e  
5.3). F i g u r e  5.4 f u r t h e r  i n d i c a t e s  t h a t  a t  12 km, t h e  a e r o s o l  d r o p l e t s  are  
p ~ s s i b l y  c m p s s e d  of 40% of k! SO and 60% of H 0 by -*-<-Le W C A S I I L  a A t  13 '-- hlll, oil the  2 4  2 
o t h e r  h a d ,  t h e  cor responding  composi t ion i s  about  70% H SO and 30% of H20 .  
I n  view of t h e  above d i s c u s s i o n ,  based on F i g u r e  5.4, t h e  cloud layer appears 
t o  extend approximate ly  from 10 km t o  11 km. Th i s  cloud t o p  l o c a t i o n  is  
c o n s i s t e n t  w i t h  t h e  r e s u l t s  of SAGE I1 a e r o s o l  e x t i n c t i o n  d a t a  se t  w i t h i n  t h e  
accu racy  of t h e  SAGE I1 v e r t i c a l  r e s o l u t i o n .  
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I n  conc lus ion ,  both t h e  SAGE I1 s a t e l l i t e  ins t rumen t  and t h e  c o r r e l a t i v e  
measurements, i n c l u d i n g  t h a t  made by t h e  dus t sonde  and O l t r n a n s '  water vapor  
sounding ,  observed t h e  cloud l a y e r  d u r i n g  t h i s  ground t r u t h  event .  Th i s  
c loud l a y e r  appea r s  t o  c o n s i s t  of i c e  p a r t i c l e s  gene ra t ed  by a d i a b a t i c  
coo l ing  p rocesses  a s s o c i a t e d  w i t h  t h e  upward a i r  motion. F u r t h e r  d e t a i l e d  
analyses on t h i s  c loud development and s t u d i e s  of t h e  a e r o s o l  c o r r e c t i o n s  t o  
t h e  SAGE I1 water vapor  measurements a r e  recommended. 
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6. TASK S--IIJVESTIGATE TEE DETIWIIIIYATION OF STRATOSPHERIC MOLECULAR AlyD 
AEROSOL OPTICAL PROPERTIES USING HIJLTIWAVELENGTB ElKTI"ION AND 
BAC!K!XAlTER DATA AND TECEWIQLJES 
6.1 A e r o s o l  D a t a  V a l i d a t i o n  i n  Terns of R e t r i e v e d  A e r o s o l  Size D i s t r i b u t i o n  
frcm SAGE 11 C t u l t i w a v e l e n g t h  A e r o s o l  Extinctions 
A s  mentioned i n  S e c t i o n  3.1,  m o d e l  aerosol s i z e  d i s t r i b u t i o n s  can be 
determined from SAGE I1 mult iwavelength aerosol e x t i n c t i o n s .  To de te rmine  
the m o d e l  parameters, w e  have used a n o n l i n e a r  least s q u a r e s  approach. 
S i n g l e  mode lognormal as w e l l  as modified-gamma f u n c t i o n s  have been used i n  
t h e  s i z e  d i s t r i b u t i o n  a n a l y s i s .  I n  a d d i t i o n ,  a bi-lognormal s i z e  
d i s t r i b u t i o n  can  be determined by us ing  both  mult iwavelength SAGE I1 aerosol 
e x t i n c t i o n  data and l i d a r  b a c k s c a t t e r  data a t  ruby and green  wavelengths.  
The r e t r i e v e d  s i z e  d i s t r i b u t i o n s  can t h e n  be used t o  de termine  t h e  opt ical  
properties of t h e  aerosol particles and to  c a l c u l a t e  t h e  t o t a l  number d e n s i t y  
of  aerosol droplets cor responding  to  dus tsonde  measurements. These  d e r i v e d  
r e s u l t s  from r e t r i e v e d  s i z e  d i s t r i b u t i o n s  can be used for  d a t a  v a l i d a t i o n  by 
comparison w i t h  c o r r e l a t i v e  measurements. I n  t h e  f o l l o w i n g  a n a l y s i s ,  w e  
d i s c u s s  f i r s t  t h e  i n f o r m a t i o n  c o n t e n t  of SAGE I1 a e r o s o l  e x t i n c t i o n s  w i t h  
respect t o  aerosol s i z e  d i s t r i b u t i o n .  T h i s  is i m p o r t a n t ,  s i n c e  it h e l p s  u s  
to  unders tand  t h e  q u a l i t y  of t h e  r e t r i e v e d  aerosol s i z e  d i s t r i b u t i o n .  w i t h  
t h i s  i n f o r m a t i o n ,  w e  t h e n  discuss t h e  data v a l i d a t i o n  f o r  SAGE I1 
o b s e r v a t i o n s  on two p a r t i c u l a r  days,  when c o r r e l a t i v e  measurements w e r e  
a v a i l a b l e .  p a r t  of t h i s  a n a l y s i s  i n  t h i s  s e c t i o n  has  been p r e s e n t e d  i n  the  
s i x t h  conference  of Atmospheric Radiat ion a t  Wil l iamsburg,  V i r g i n i a  on May 
13-16, 1986 (Wang e t  al., 1986) -  
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6.1 .1  SAGE I1 a e r o s o l  s i z e  d i s t r i b u t i o n  in fo rma t ion  c o n t e n t  
The a e r o s o l  s i z e  d i s t r i b u t i o n  informat  ion  c o n t e n t  a s s o c i a t e d  wi th  a 
g iven  o p t i c a l  measurement can  be d e s c r i b e d  approximate ly  i n  terms o f  t h e  
cor responding  e f f i c i e n c y  f a c t o r  Q a,  m ,  r ) .  The d i s t r i b u t i o n  o f  t h e  
e f f i c i e n c y  f a c t o r s  a t  SAGE I1 a e r o s o l  wavelengths  are d i s p l a y e d  i n  F i g u r e  
6.1.  A s  can  be s e e n ,  F i g u r e  6 . 1  i n d i c a t e s  t h a t  t h e  b e s t  i n fo rma t ion  of  
a e r o s o l  s i z e  d i s t r i b u t i o n  i n  t h e  SAGE I1 a e r o s o l  e x t i n c t i o n  measurements i s  
w i t h i n  t h e  r a d i u s  range between approximate ly  0 . 2 8  and 0.80 pm. A second 
source  o f  t h e  l i m i t s  of  t h e  r e t r i e v a b l e  s i z e  range  o f  a set  o f  o p t i c a l  
measurements i s  governed by t h e  so -ca l l ed  r a t i o - c r i t e r i o n .  According t o  t h i s  
c r i t e r i o n ,  t h e r e  is  no in fo rma t ion  about a e r o s o l  s i z e  d i s t r i b u t i o n  t h a t  can  
be e x t r a c t e d  from o p t i c a l  measurements a t  any two wavelengths  i n  a r a d i u s  
range  where the r a t i o  o f  t h e  two cor responding  e f f i c i e n c y  f a c t o r s  i s  a 
. 525  1.02 and 
c o n s t a n t .  The c a l c u l a t e d  r e s u l t s  of  t h e  r a t i o  o f  Q, 
*385 a r e  g iven  i n  F i g u r e  6.2. F i g u r e  6 . 2  a l s o  shows t h e  r a t i o  o f  Qe 'Qe 
. As one can see from F i g u r e  6 . 2 ,  t h e  n o n r e t r i e v a b l e  r a d i u s  .532 1.02 Qs 'Qe 
r a n g e l i e s  below t h e  r a d i u s  o f  0.1 pm and above about  I .O pm. I n  a d d i t i o n ,  as 
one would expec t ,  t h e  informat  ion c o n t e n t  near  t h e s e  l i m i t s  becomes 
r e l a t i v e l y  poor as r evea led  by t h e  d i s t r i b u t i o n s  o f  t h e  e f f i c i e n c y  f a c t o r  i n  
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6.1.2 Data comparison 
November 30, 1984 (Laramie,  Wyoming) -
F i g u r e  6 . 3  shows t h e  stratosF..eric a e r o s o l  s i z e  d i s t r i b u t i o n  a t  
a l t i t u d e s  ( a )  15 km; (b) 18 km; ( c )  21 km; and ( d )  24 km. The two s i n g l e  
mode a e r o s o l  s i z e  d i s t r i b u t i o n s  a r e  de r ived  from SAGE I1 a e r o s o l  e x t i n c t i o n  
measurements a l o n e .  The bi-mode model d i s t r i b u t i o n  i s  r e t r i e v e d  u s i n g  both  
SAGE X I  and l i d a r  a e r o s o l  o p t i c a l  measurements.  F igu re  6 . 3  i n d i c a t e s  t h e  
c l o s e  agreement among t h e  t h r e e  model d i s t r i b u t i o n s  i n  t h e  r a d i u s  range  
between approximate ly  0.2 and 0 .7  pm. Large v a r i a t i o n s  are  shown o u t s i d e  
t h i s  range .  Th i s  f e a t u r e  i s  c o n s i s t e n t  w i t h  t h e  conc lus ions  mentioned i n  
S e c t i o n  6.1.1.  
Figure  6.4 shows t h e  comparison of t h e  b a c k s c a t t e r  c o e f f i c i e n t s  ob ta ined  
from l i d a r  o b s e r v a t i o n s  and from c a l c u l a t i o n s  based on a e r o s o l  s i z e  
d i s t r i b u t i o n s  r e t r i e v e d  from SAGE I1 a e r o s o l  e x t i n c t i o n s .  I n  g e n e r a l ,  t h e r e  
i s  a r e a s o n a b l e  agreement between the  o b s e r v a t i o n s  and t h e  d e r i v e d  r e s u l t s  
based on r e t r i e v e d  model s i z e  d i s t r i b u t i o n s ,  except  nea r  t h e  a l t i t u d e  o f  24 
km . 
between dus tsonde  o b s e r v a t i o n s  and 
O f  N.15 and N.25 A comparison 
c a l c u l a t i o n s  based on a e r o s o l  s i z e  d i s t r i b u t i o n s  r e t r i e v e d  from SAGE XI and 
c o r r e l a t i v e  l i d a r  o b s e r v a t i o n s  i s  provided i n  F igu re  6.5. Figure  6 . 5  
i n d i c a t e s  t h a t  t h e  r e t r i e v e d  model s i z e  d i s t r i b u t i o n s  y i e l d  v a l u e s  of  N .I5 
which are  g r e a t e r  than  those  of dustsonde o b s e r v a t i o n s  fo r  a i i  t h r e e  a n a i y t i c  
models.  On t h e  o t h e r  hand,  s u b s t a n t i a l  improvement i s  found i n  t h e  r e s u l t s  
of N c a l c u l a t e d  u s i n g  t h e  bi-lognormal r e p r e s e n t a t i o n .  .25 
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(a) ALTITUDE = 15.OKM 
i- 
I E 10-1 
lo -*  
RAD IUS, hl IC RON 
Figure 6.3a. Stratospheric aerosol size distributions derived from 
SAGE I1 aerosol extinctions at 15 km altitude. 
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- 3  (b) ALTITUDE = 18.OKM 
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Figure 6.3. Stratospheric aerosol size distributions derived from 
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2 (C) ALTITUDE = 21.OKM 
R A D I U S ,  MICRON 
F i g u r e  6 . 3 ~ .  S t r a t o s p h e r i c  a e r o s o l  s i z e  d i s t r i b u t i o n s  d e r i v e d  from 
SAGE I1 a e r o s o l  e x t i n c t i o n s  a t  21 km a l t i t u d e .  
- - - - - . . . 
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1 o 3  1 c2 1 o1 1 oo  10 '  
RADIUS, MICRON 
Figure  6 . 3 d .  S t r a t o s p h e r i c  a e r o s o l  s i z e  d i s t r i b u t i o n s  d e r i v e d  from 
SAGE I1 a e r o s o l  e x t i n c t i o n s  a t  24 km a l t i t u d e .  
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(a) RUBY 
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t 
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BACKSCATTER COEFF, 1 I (  KM*SR) 
Figure 6.4a. Comparison of the backscatter coefficients ob ained 
from lidar observations and from calculations based 
on aerosol size distributions retrieved from SAGE I1 




















BACKSCATTER COEFF, l / ( K M * S R )  
Figure 6.4b. Comparison of the backscatter coefficients obtained 
from lidar observations and from calculations based 
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Figure 6.5. Comparison of N.15 and N.25 obtained from dustsonde 
measurements and calculated results based on retrieved 
aerosol size distribution using SAGE I1 aerosol extinctions. 
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Janua ry  9, 1985 (Laramie,  Wyoming) 
F i g u r e  6.6a t o  6 . 6 ~  a r e  t h e  same as F i g u r e  6.3,  except  t h a t  t h e y  are f o r  
d a t a  o b t a i n e d  a t  a l t i t u d e s  of  15.2, 18.3, and 21 km, and t h a t  t h e  dus tsonde  
and N,25 were used t o g e t h e r  wi th  SAGE I1 a e r o s o l  .01' N.15' measurements of  N 
e x t i n c t i o n s  t o  d e r i v e  a bi-modal s i z e  d i s t r i b u t i o n .  I n  F igu re  6 .6 ,  t h e  d o t s  
show wire- impactor  d a t a  ob ta ined  by V .  Overbeck of NASA Ames Research Cen te r .  
Again,  F i g u r e  6.6 i n d i c a t e s  t h e  gene ra l  agreement among t h e  t h r e e  d i f f e r e n t  
model s i z e  d i s t r i b u t i o n s  i n  t h e  r a d i u s  range between approximately 0.3 pm and 
1.0 pm, e s p e c i a l l y  a t  an a l t i t u d e  of 15.2 km. I n  a d d i t i o n ,  a t  an a l t i t u d e  of  
15.2 km, t h e  model s i z e  d i s t r i b u t i o n s  a g r e e  w e l l  wi th  t h e  r e s u l t s  of t h e  wire 
impactor ,  except  a t  r = .05 pm. 
6.2 L i d a r  Measurements i n  t h e  Upper S t r a t o s p h e r e  and Mesosphere 
The NASA-Langley 48" l i d a r  system has  been used f o r  r o u t i n e  
g round-co r re l a t ive  measurements i n  a s s o c i a t i o n  w i t h  bo th  t h e  SAGE I and SAGE 
I1 s a t e l l i t e s .  The long  term d a t a  set  on s t r a t o s p h e r i c  a e r o s o l  b a c k s c a t t e r  
ob ta ined  wi th  t h i s  i n s t rumen t ,  which ex tends  back t o  1974, i s  a unique source  
o f  i n fo rma t ion  on t h e  long-term c l imato logy  of t h e  a e r o s o l  i n  t h e  n o r t h e r n  
hemisphere.  Curren t  u se  o f  t h e  system i s  mainly conf ined  t o  t h e  r e g i o n  o f  
t h e  atmosphere below 30 km i n  a l t i t u d e .  T h i s  c o n c e n t r a t i o n  o f  e f f o r t  owes 
much t o  t h e  f a c t  t h a t  t h e  s t r a t o s p h e r i c  a e r o s o l  l a y e r  l i e s  almost  e n t i r e l y  
w i t h i n  t h i s  reg ion .  The 48" l i d a r  system was n e v e r t h e l e s s  des igned  w i t h  t h e  
i n h e r e n t  c a p a b i i i t y  o f  b e i n g  used to  probe much higher in t h e  a tra toaphz ie ,  
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- RLTITUDE = 15.2KM 
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RFIDIUS, MICRON 
Figure 6.6a. Stratospheric aerosol s i z e  distributions derived 
from SAGE I1 aerosol extinctions at 15.2 km 
altitude. 
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RLTITUDE = 18.3KM 
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RQDIUS. MICRON 
Figure 6 .6b .  Stratospheric aerosol size distributions derived from 
SAGE I1 aerosol extinctions at 18.3 km altitude. 
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10-3 1 o-2 1 oc 
RFIDIUS, MICRON 
Figure 6.6~. Stratospheric aerosol size distributions derived from 
SAGE I1 aerosol extinctions at 21.0 km altitude. 
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w i t h  a measurable  b a c k s c a t t e r e d  s i g n a l  p o t e n t i a l l y  o b t a i n a b l e  from t h e  
mesosphere and even t h e  lower p a r t  o f  t h e  thermosphere.  Although a e r o s o l s ,  
i n  t h e  form o f  n o c t i l u c e n t  c louds ,  a r e  known t o  e x i s t  i n  t h e s e  h i g h e r  
r e g i o n s ,  t h e  main i n t e r e s t  i s  i n  t h e  v a r i a t i o n s  i n  t h e  molecular  a i r  
d e n s i t y .  These v a r i a t i o n s  occur  on a s e a s o n a l  b a s i s  b u t ,  more i m p o r t a n t l y ,  
are a s s o c i a t e d  w i t h  t h e  passage  of  a tmospher ic  g r a v i t y  waves, a s  w e l l  as 
t i d a l  o s c i l l a t i o n s  and tu rbu lence .  
A s  p r e s e n t l y  c o n s t i t u t e d ,  t h e  48" l i d a r  sys tem cannot  a c h i e v e  i t s  
maximum p o t e n t i a l  for h igh  a l t i t u d e  measurements. It i s  d e s i r a b l e  t o  
i n c o r p o r a t e  a more powerful l a s e r  and a l s o  t o  conve r t  t h e  c u r r e n t  ana log  
measurements o f  b a c k s c a t t e r e d  l i g h t  i n t e n s i t y  t o  photon coun t ing .  I n  o r d e r  
t o  a s s i s t  w i t h  t h e  in s t rumen t  upgrade,  t h e  s c i e n c e  r equ i r emen t s  fo r  h igh  
a l t i t u d e  work have been examined and s i m u l a t i o n s  have been made o f  p o t e n t i a l  
sys tem performance. A s  a b a s i s  €or q u a n t i f y i n g  t h e  s c i e n c e  r equ i r emen t s ,  
l i t e r a t u r e  p e r t a i n i n g  t o  a tmospheric  s t r u c t u r e  and changes i n  t h e  h e i g h t  
range  30-90 km h a s  been reviewed.  Th i s  i n fo rma t ion  h a s  been o b t a i n e d  by 
l i d a r  (Kent e t  a l . ,  1972; Kent & Keen l i s ide ,  1974; 1975;Chanin & Hauchecorne, 
1981; Hauchecorne and Chanin, 1982; Chanin and Hauchecorne, 19841, rocket-borne 
i n s t r u m e n t s  ( P h i l b r i c k  e t  a l . ,  1980, 1983),  and from S h u t t l e  r e -en t ry  ( P r i c e ,  
1983). These t echn iques  show la rge  d e n s i t y  e x c u r s i o n s  t o  be common, 
p a r t i c u l a r l y  i n  t h e  upper  p a r t  o f  t h e  i n d i c a t e d  h e i g h t  r ange .  Based on t h i s  
i n fo rma t ion ,  two l e v e l s  o f  d e s i r a b l e  sys tem performance were d e f i n e d  f o r  t h e  
l i d a r  system. These a r e  shown i n  Table 6.1. The f i r s t  l eve l  i s  t h a t  which is  
n e c e s s a r y  i n  o r d e r  t o  demonst ra te  the l i d a r  sys tem c a p a b i l i t y  and t o  resolve 
t h e  l a r g e s t  a tmospher ic  changes occur r ing  w i t h i n  t h e  mesosphere. The second 
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TABLE 6.1. Science  Requirements f o r  High A l t i t u d e  L i d a r  
A. Minimum t o  Demonstrate C a p a b i l i t y  and P o t e n t i a l  
B. 
Lida r  s y s t e m  must be a b l e  t o  make d e n s i t y  measurements t o  t h e  
fol lowing s p e c i f i c a t i o n s :  
Height Range 30-70 km 
V e r t i c a l  Reso lu t ion  2 k m  
I n t e g r a t i o n  Time 5 1 h r  













Minimum f o r  Usefu l  S c i e n t i f i c  Measurements 
Height Range 30-90 km 
V e r t i c a l  Reso lu t ion  1.5 km 
I n t e g r a t i o n  Time 5 15 m i n  



















level i s  t h a t  r e q u i r e d  f o r  r o u t i n e  s c i e n t i f i c  measurements t o  improve our  
unde r s t and ing  o f  a tmospher ic  dynamics a t  t h e s e  a l t i t u d e s .  It should be no ted  
t h a t  n o t  o n l y  do  t h e  two t a b l e s  d i f f e r  i n  t h e  measurement accuracy  r e q u i r e d ,  
b u t  a l s o  i n  t h e  a l t i t u d e  r e s o l u t i o n  and ,  i n  p a r t i c u l a r ,  t h e  i n t e g r a t i o n  
t i m e .  Shor t  i n t e g r a t i o n  times o f  t he  o r d e r  o f  15 minutes  are  r e q u i r e d  t o  
r e s o l v e  t h e  h i g h e r  f requency g r a v i t y  wave o s c i l l a t i o n s .  It i s  a l s o  d e s i r a b l e  
t h a t  measurements should be made throughout a 24-hour pe r iod  bu t  l i m i t a t i o n s  
t o  p r e s e n t  l i d a r  technology w i l l  a lmos t  c e r t a i n l y  r e s t r i c t  t h e  h i g h e s t  
a l t i t u d e  measurements t o  n ight - t ime only .  
S imula t ions  o f  p o t e n t i a l  l i d a r  performance have been c a r r i e d  o u t  u s i n g  
t h e  c h a r a c t e r i s t i c s  of  t h e  48" l i d a r  r e c e i v e r ,  assuming photon coun t ing ,  used 
t o g e t h e r  w i t h  one of  two e x i s t i n g  lasers  o r  a t h i r d  more powerful  bu t  
p o t e n t i a l l y  a v a i l a b l e  l aser .  The  r e s u l t s  o f  t h e s e  s i m u l a t i o n s  are shown i n  
Tab le  6 .2  ( u s i n g  t h e  e x i s t i n g  Nd/YAG l a s e r ) ,  Table  6 .3  ( u s i n g  t h e  e x i s t i n g  
Ruby l a s e r ) ,  and Table  6.4 ( u s i n g  a more powerful Nd/YAG l a s e r ) .  Both Nd/YAG 
lasers a re  used a t  t h e i r  second harmonics (0.53 pm) because  o f  t h e  much 
h i g h e r  p h o t o m u l t i p l i e r  quantum e f f i c i e n c y  a v a i l a b l e  a t  t h a t  wavelength.  
Vert ical  r e s o l u t i o n  has  been set  a t  2.0 km and i n t e g r a t i o n  times a re  e i t h e r  
600 o r  3600 seconds.  The l e v e l s  of system performance shown i n  Tables  6.2,  
6.3,  and 6.4 may be compared t o  t h e  sc i ence  requi rements  shown i n  Table  6.1. 
I f  w e  f i r s t  examine Tab les  6.2 and 6.3,  w e  may compare t h e  r e l a t i v e  
merits o f  two e x i s t i n g  lasers .  Although t h e  s i n g l e  s h o t  performance o f  t h e  
NdIYAG system i s  not  as good a s  t h a t  o f  t h e  Ruby l i d a r ,  t h e  i n t e g r a t e d  
performance i s  s u p e r i o r  a t  a l l  a l t i t u d e s .  The o n l y  c a v e a t  t o  be  a p p l i e d  t o  
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TABLE 6.2.  High A l t i t u d e  L i d a r  S imula t ion  
(A) SYSTEM PARAMETERS 
2 
Receiving M i r r o r  Area - 1.00 m 
F u l l  Angle B e a m  Divergence - 0.100E-02 r 
Wavelength - 0.6943E-06 m 
Overa l l  E f f i c i e n c y  - 0.02 
P u l s e  Energy - 1.50 J 
F i r i n g  Rate - 0.13  Hz 
F i l t e r  Bandwidth - 0.100E-08 m 
Pho tomul t ip l i e r  Noise - 50.0 s-l 
(B)  ATMOSPHERIC PARAMETERS 
Atmospheric Transmiss ion  - 0.80 
Sky Br ightness  = 0.70E+00 R . A - l  
(C)  OPERATIONAL PARAMETERS 
Height  Increment - 1.0  km 
I n t e g r a t i o n  Time - 3600.0 s 
System Constant  - 0.224E+21 
PM Background - 0.667E-03 
Sky Background = 0.117E-02 
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TABLE 6.3. High Altitude Lidar Simulation 
SYSTEM PARAMETERS 
Receiving Mirror Area - 1.00 m 
Full Angle Beam Divergence - 0.100E-02 r 
Wavelength - 0.53003-06 m 
Overall Efficiency - 0.08 
Pulse Energy - 0.15 J 
Firing Rate - 2.50 Hz 
Filter Bandwidth - 0.100E-08 m 
Photomultiplier Noise - 50.0 s-1 
2 
ATMOSPHERIC PARAMETERS 
Atmospheric Transmission - 0.70 
Sky Brightness - 0.70E+00 R.A-1 
OPERATIONAL PARAMETERS 
Height Increment - 2.0 km 
Integration Time - 3600.0 s 
System Constant - 0.3143+20 Sky Background - 0.4673-02 
PM Background - 0.667E-03 
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TABLE 6.4.High Altitude Lidar Simulation 
( A )  SYSTEM PARAMETERS 
2 Receiving Mirror Area - 1.00 m 
Full Angle Beam Divergence - 0.100E-02 r 
Wavelength - 0.5300E-06m 
Overall Efficiency - 0.08 
Pulse Energy - 0.40 J 
Firing Rate - 10.00 HZ 
Filter Bandwidth - 0.100E-08m 
Photomultiplier Noise - 50.0 s-1 
(B) ATMOSPHERIC PARAMETERS 
Atmospheric Transmission - 0.70 
Sky Brightness - 0.7OE+OO R.A-1 
( C )  OPERATIONAL PARAMETERS 
Height Increment - 2.0 km 
Integration Time - 600.0 s 
System Constant - 0.837E+20 Sky Background - 0.467E-02 
PM Background - 0.667E-03 
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t h e s e  resul ts  i s  i n  connec t ion  with t h e  a tmospher ic  t r a n s m i s s i o n  and, i n  
p a r t i c u l a r ,  t h e  background sky b r i g h t n e s s .  The v a l u e s  assumed cor respond t o  
good, low-l ight  s e e i n g  c o n d i t i o n s .  Local  measurements o f  t h e s e  q u a n t i t i e s  a t  
t h e  48" l i d a r  s i t e  do  no t  exis t  and may w e l l  n o t  approach t h e s e  optimum 
v a l u e s .  The performance f i g u r e s  for  t h e  Nd/YAG sys tem may a l s o  be  compared 
t o  t h e  s c i e n c e  requi rement  f i g u r e s  g iven  i n  Table  6.1. It can  be  seen  t h a t  
level  A (minimum t o  demonst ra te  c a p a b i l i t y  and p o t e n t i a l )  i s  e a s i l y  a t t a i n e d  
wi th  a c o n s i d e r a b l e  s a f e t y  f a c t o r .  Level B (minimun! f o r  u s e f u l  s c i e n t i f i c  
measurements) i s  no t  a t t a i n e d  ( a l low f o r  d i f f e r e n t  i n t e g r a t i o n  t i m e s ) ,  
i n d i c a t i n g  t h e  d e s i r a b i l i t y  o f  r e p l a c i n g  t h e  e x i s t i n g  Nd/YAG laser by a more 
powerful  model. Table  6.4, based on t h e  performance o f  a b e t t e r  Nd/YAG laser  
may be  compared w i t h  t h e  f i g u r e s  fo r  r e q u i r e d  accuracy  i n  t h e  second p a r t  of  
Tab le  6.1. The two t a b l e s  have s l i g h t l y  d i f f e r e n t  s p a t i a l  and temporal  
i n t e g r a t i o n  wid ths  ( 1.5 km v e r s u s  2 km and 600 S v e r s u s  900 S), t h e  o v e r a l l  
e f f e c t  o f  t h i s  i s ,  however, f a i r l y  minor. It can be  seen  t h a t  a n  upgraded 
48" system w i l l  meet t h e  s c i e n c e  requirements  a t  a l l  a l t i t u d e s  up t o  80 km 
and comes c l o s e  t o  t h e  requirement  a t  90 km a l t i t u d e  (6.6% v e r s u s  5.0% 
accuracy ) .  Once a g a i n ,  t h e  cavea t  concern ing  a tmospher ic  t r ansmiss ion  and 
sky  b r i g h t n e s s  must be  cons idered .  It should  a l s o  be  noted  t h a t  t h e s e  
s c i e n c e  requi rements  d o  not  address  t h e  s u b j e c t  o f  dayt ime measurements. 
These are  d e s i r a b l e  s c i e n t i f i c a l l y  and are p o s s i b l e  up t o  a somewhat lower 
a l t i t u d e  g iven  s u b s t a n t i a l  mod i f i ca t ions  t o  t h e  r e c e i v i n g  o p t i c s  o f  t h e  48" 
l i d a r  system. Work c a r r i e d  o u t  under a s e p a r a t e  c o n t r a c t  (NASI- 17072) shows 
t h a t  on upgraded sys tems,  u s i n g  an i n t e r f e r e n c e  f i l t e r  t o  re ject  unwanted sky 
background, could  make measurements w i th  10% accuracy  ( f o r  I0-minute 
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i n t e g r a t i o n  p e r i o d )  up to  abou t  60 km. U s e  of a narrow-band Fabry-Perot 
e t a l o n  might  enable  t h i s  l i m i t  t o  be extended up t o  a b o u t  75 km. 
6.3 Forty-eight Inch Lidar Receiver Modification 
As p a r t  of t h e  work of modifying t h e  48" l i d a r  r e c e i v e r  f o r  t h e  h igh  
a l t i t u d e  s t u d i e s  d i s c u s s e d  i n  S e c t i o n  6.2, a d e t a i l e d  a n a l y s i s  w a s  made of 
t h e  l i d a r  r e c e i v e r  o p t i c s .  The b a s i c  purpose of t h e  a n a l y s i s  w a s  t o  f i n d  a 
s u i t a b l e  way t o  i n c o r p o r a t e  a photon coun t ing  p h o t o m u l t i p l i e r  t o g e t h e r  w i th  a 
high-speed r o t a t i n g  s h u t t e r .  The l a t t e r  i s  r e q u i r e d  t o  reduce ,  or e l i m i n a t e ,  
t h e  s i g n a l  induced n o i s e  i n  t h e  p h o t o m u l t i p l i e r  caused by t h e  i n i t i a l ,  h igh  
i n t e n s i t y ,  backsca t t e red  s i g n a l  from t h e  lower atmosphere.  The s h u t t e r ,  
which s c r e e n s  t h e  p h o t o m u l t i p l i e r  d u r i n g  t h e  f i r s t  100-200 microseconds a f t e r  
t h e  laser i s  f i r e d  i s  d r i v e n  by a high-speed synchronous motor. F igu re  6.7 
shows p a r t  of t h e  e x i s t i n g  optical  system of t h e  laser r e c e i v e r ,  t o g e t h e r  
w i th  t h e  proposed s h u t t e r / p h o t o n  coun t ing  assembly. Co l l ima t ing  l e n s  A i s  
p a r t  of t h e  e x i s t i n g  system, l e n s  B i s  r e q u i r e d  to  focus  t h e  beam t o  a small 
d i ame te r  a t  t h e  s h u t t e r  i t s e l f .  F igure  6.8 shows a scale drawing of a 
p o s s i b l e  des ign  f o r  t h e  s h u t t e r  assembly. F i n a l  dimensions may change 
s l i g h t l y ,  con t ingen t  upon t h e  cho ice  of s h u t t e r  motor and any o t h e r  changes 
made t o  the op@cal  system. 
I n  the  course of examining t h e  o p t i c a l  system, it w a s  n o t i c e d  t h a t  the  
c o l l i m a t i n g  l ens  ( l e n s  A i n  Fig.  6.7) w a s  n o t  of s u f f i c i e n t  d i ame te r  t o  p a s s  
a l l  nonax ia l  rays .  Its diameter i s  1.75", e x a c t l y  the same as t h a t  of t h e  
t e l e s c o p e  e x i t  p u p i l .  Loss of l i g h t  a t  t h i s  l e n s  occur s  (shown by t h e  t w o  
o u t l y i n g  rays  i n  Fig.  6.7) becoming i n c r e a s i n g l y  s e r i o u s  f o r  g r e a t e r  beam 
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F i g u r e  6 . 7 .  O p t i c a l  diagram of p a r t  of t h e  r e c e i v e r  o p t i c s  of t h e  48" 
l i d a r  system. The s h u t t e r  and photon coun t ing  assembly 







d i v e r g e n c i e s .  That  t h i s  loss a c t u a l l y  took p l a c e  was confirmed by 
measurement o f  t h e  beam d iame te r  on t h e  t e l e s c o p e  i t s e l f  u s i n g  t h e  sun as a 
source  and v a r y i n g  t h e  s i z e  of t h e  a p e r t u r e  s t o p .  C o r r e c t i o n  o f  t h i s  f a u l t  
appea r s  a t  f i r s t  s i g h t  t o  be  simply a matter o f  r e p l a c i n g  t h e  c o l l i m a t i n g  
l e n s  by  one of e q u a l  f o c a l  l eng th  and l a r g e r  d iameter .  T h i s ,  a l t hough  
t h e o r e t i c a l l y  c o r r e c t ,  raises o t h e r  p r a c t i c a l  problems. The f i r s t  i s  t h a t  
t h e  t u r n i n g  m i r r o r  would a l s o  have t o  be r e p l a c e d  by one o f  g r e a t e r  
d i ame te r .  The second and more important  problem i s  t h a t ,  a f t e r  p a s s i n g  t h e  
c o l l i m a t i n g  l e n s ,  t h e  beam p a s s e s  through one or more i n t e r f e r e n c e  f i l t e r s .  
The s t a n d a r d  d iameter  f o r  t h e s e  is  2.0". For angu la r  d ive rgences  g r e a t e r  than  
about  0.5 m r ,  t h e s e  f i l t e r s  w i l l  a l s o  v i g n e t t e  t h e  beam. A s imple  l e n s  o f  
s h o r t e r  f o c a l  l eng th  p l a c e d  c l o s e r  t o  t h e  f i e l d  s t o p  would s o l v e  t h e s e  
problems but  t h e  optimum l o c a t i o n  i s  a t  or ve ry  c l o s e  t o  t h e  t u r n i n g  m i r r o r  
making t h e  s o l u t i o n  p r a c t i c a l l y  d i f f i c u l t .  The s o l u t i o n  chosen is  t o  r e p l a c e  
t h e  c o l l i m a t i n g  l e n s  by two l e n s e s  a s  shown i n  F ig .  6.9. I n  t h i s  f i g u r e ,  t h e  
two new l e n s e s  and t h e  p a t h  o f  an edge beam i s  shown a s  an o v e r l a y  on t h e  
o r i g i n a l  diagram ( F i g .  6 .7) .  I n  t h e  new o p t i c a l  a r rangement ,  t h e  system w i l l  
pa s s  a l l  t h e  l i g h t  o u t  t o  a beam divergence  ( t o t a l  a n g l e )  of  2.0 m r .  The 
c o l l i m a t i n g  l e n s e s  have d i ame te r s  of 2.0" and f o c a l  l e n g t h s  o f  20.0" and 
27.5", r e s p e c t i v e l y .  The t u r n i n g  mi r ro r  does no t  need t o  be  r ep laced  and t h e  
second c o l l i m a t i n g  l e n s  i s  p laced  a t  t h e  l o c a t i o n  o f  t h e  c u r r e n t  c o l l i m a t i n g  
l e n s .  The r e s u l t a n t  beam fo l lowing  the  c o l l i m a t e r  i s  s u f f i c i e n t l y  narrow t o  
pas s  through t h e  i n t e r f e r e n c e  f i l t e r s  and t h e  e n t r a n c e  l e n s  o f  t h e  proposed 
s h u t t e r  assembly. 
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F i g u r e  6.9. Diagram showing p o s s i b l e  m o d i f i c a t i o n  t o  t h e  48" l i d a r  
r e c e i v e r  t o  c o r r e c t  f o r  loss of r a d i a t i o n .  Two new 
l e n s e s  are shown i n  b l a c k ,  t h e  p a t h  of a n  edge r a y  by 
c ross -ha tch ing .  
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7. TASK 6--INVESTIGATE STRATOSPHERIC PLANETARY WAVES AND THEIR EFFECT ON 
TRANSPORT OF AEROSOLS, 03, WATER VAPOR AND NO2 
7.1 Aerosols A s  Dynamic T r a c e r s  and Assoc ia t ion  wi th  P l a n e t a r y  Wave A c t i v i t y  
P rev ious  work c a r r i e d  o u t  by Kent e t  a l .  (19851, h a s  shown how t h e  SAM 
I1 1 pm e x t i n c t i o n  r a t i o  may be  used as a t r a c e r  f o r  a tmospher ic  movements 
a s s o c i a t e d  wi th  t h e  n o r t h  p o l a r  vo r t ex .  A s i m i l a r  s t u d y  h a s  been made on t h e  
u s e  o f  t h e  cor responding  e x t i n c t i o n  r a t i o s  ob ta ined  from SAGE I and 
p r e l i m i n a r y  SAGE I1 d a t a .  Examination o f  e x t i n c t i o n  r a t i o  p r o f i l e s  from 
d i f f e r e n t  l a t i t u d e s  show t h a t  i t  i s ,  i n  g e n e r a l ,  p o s s i b l e  t o  c l a s s i f y  t h e s e  
as a low- la t i t ude  type  ( l a y e r  maximum a t  about  25 km o r  above)  o r  a middle  o r  
h igh  l a t i t u d e  t y p e  ( l a y e r  maximum a t  15-20 km). A t  c e r t a i n  t imes o f  t h e  
y e a r ,  however, some low l a t i t u d e - t y p e  p r o f i l e s  are observed a t  high 
l a t i t u d e s .  Examples of  t h e s e  p r o f i l e s  ob ta ined  w i t h  t h e  SAGE I s a t e l l i t e  are  
shown i n  F i g u r e  7.1.  F i g u r e  7 . I ( a )  i s  an example o f  a "normal" middle  o r  h igh  
l a t i t u d e  e x t i n c t i o n  r a t i o  p r o f i l e .  F igu re  7. l ( b )  shows a q u i t e  d i f f e r e n t  
p r o f i l e ,  a l t hough  i t  was ob ta ined  a t  t h e  same l a t i t u d e  and on t h e  same day. 
The l a t t e r  p r o f i l e  i s ,  i n  f a c t ,  similar t o  p r o f i l e s  normally seen  w i t h i n  
about  20' of  t h e  e q u a t o r .  Examination o f  I 1  months o f  SAGE I d a t a ,  t aken  
p r i o r  t o  major  v o l c a n i c  e r u p t i o n s ,  shows a ve ry  c l e a r  s easona l  c y c l e  i n  t h e  
occur rence  o f  " low- la t i tude  type" l a y e r s  o u t s i d e  t h e  e q u a t o r i a l  b e l t .  Table  
7.1 shows how t h e  f requency  of  occurrence var ies  i n  both  hemispheres  with 
season .  The occur rence  i s  c l e a r l y  a win ter - t ime phenomenon; i n  summer, i n  
both  hemispheres ,  ve ry  few c a s e s  a r e  observed .  The most obvious e x p l a n a t i o n  
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i n t o  t h e  win ter  hemisphere;  t h i s  is  a t i m e  of p l a n e t a r y  wave a c t i v i t y  and of 
t h e  e x i s t e n c e  of t h e  polar n i g h t  vortex w i t h  i t s  associated subs idence .  
The same phenomenon m a n i f e s t s  i t s e l f  i n  a s imilar  form i n  t h e  SAGE I1 
d a t a .  The basic SAGE I1 e x t i n c t i o n  r a t i o  p r o f i l e s  show much h i g h e r  v a l u e s  of 
t h e  e x t i n c t i o n  ra t io  due t o  t h e  presence  of material from t h e  E l  Chichon 
e r u p t i o n s .  The "normal" l a y e r  a t  h i g h  l a t i t u d e s  h a s  a peak e x t i n c t i o n  r a t io  
of a b o u t  10 and a f a i r l y  f l a t  l a y e r  top between 20 and 25 km. An example of 
t h i s  i s  shown i n  F igure  7 . 2 ( a ) .  A s  i n  t h e  case of SAGE I ,  anomolous l a y e r s  
a l s o  appear  dur ing  t h e  w i n t e r  season.  A t y p i c a l  example is  shown i n  F igure  
7.2(b) where a s e c o n d a r y  peak o c c u r s  a t  a n  a l t i t u d e  of a b o u t  27 km. These 
l a y e r s  are observed i n  both  hemisphere and, i n  as f a r  as it i s  possible t o  
see i n  t h e  l i m i t e d  p r e l i m i n a r y  SAGE I1 d a t a  s e t ,  have a s e a s o n a l  c y c l e  
similar to  t h a t  observed wi th  SAGE I. A d e t a i l e d  s t u d y  h a s  been made of t h e  
p r e l i m i n a r y  SAGE I1 e x t i n c t i o n  d a t a  between October 1984 and May 1985 and t h e  
fo l lowing  g e n e r a l  c h a r a c t e r i s t i c s  of t h e s e  anomalous l a y e r s  determined.  P a r t  
of t h i s  work h a s  been p r e s e n t e d  a t  t h e  S i x t h  Conference on Atmospheric 
R a d i a t i o n ,  Will iamsburg, V i r g i n i a  May 12-16, 1986 (Kent ,  1986).  
1. Altitude of Occurrence 
The e f f e c t s  a r e  m o s t  v i s i b l e  a t  a l t i t u d e s  of 24-27 km. This  is 
determined mostly by t h e  r e l a t i v e  shapes of t h e  h i g h  l a t i t u d e  aerosol l a y e r ,  
where t h e  "anomalies" appear  , and t h e  l o w  l a t i t u d e  aerosol l a y e r  from which 
t h e y  are supposed t o  be d e r i v e d .  The e x a c t  a l t i t u d e  range is s t i l l  
u n c e r t a i n ,  b u t  t h e r e  appears  t o  be a change i n  behavior  a t  an  a l t i t u d e  of 
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Figure  7.3. SAGE I1 e x t i n c t i o n  r a t i o  p r o f i l e s ,  November 4 - 
December 6 ,  1984. 
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a e r o s o l  e x t i n c t i o n  r a t i o  profiles for t w o  separate l a t i t u d e  bands d u r i n g  t h e  
p e r i o d  November 4 - December 6,  1984. The e x t i n c t i o n  ra t io  p r o f i l e s  are 
p l o t t e d  i n  terms of p o t e n t i a l  temperature  r a t h e r  t h a n  a l t i t u d e  ( t h e  a l t i t u d e s  
are marked on t h e  f i g u r e ) .  It  can be seen  t h a t  a t  a l l  a l t i t u d e s  above abou t  
16 km, t h e  l o w  l a t i t u d e  a e r o s o l  has a much h i g h e r  mean e x t i n c t i o n  ratio. The 
f i g u r e  a l s o  shows a t h i r d  curve d e r i v e d  from t h e  spread  i n  aerosol 
c h a r a c t e r i s t i c s  a t  40 -50 . The meaning of  t h i s  t h i r d  cu rve  is  best exp la ined  
by r e f e r e n c e  t o  F igu re  7.4. This  f i g u r e  shows t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of 
e x t i n c t i o n  r a t i o  va lues  a t  an  a l t i t u d e  of 25 km, t h e  same l a t i t u d e  band of  
40°-50°N and f o r  t h e  pe r iod  November 9-20, 1984. Most e x t i n c t i o n  ratios have 
a v a l u e  of 4 o r  less, b u t  t h e r e  i s  a " ta i l "  of h igh  v a l u e s  ex tend ing  up t o  an  
e x t i n c t i o n  r a t i o  of 16. These va lues  are t h e  ones a t t r i b u t a b l e  to  material 
t r a n s p o r t e d  from low l a t i t u d e s .  I n  o r d e r  t o  d e s c r i b e  t h i s  t a i l ,  w e  have 
chosen t h e  95 p e r c e n t  p r o b a b i l i t y  l e v e l  as a r e p r e s e n t a t i v e  va lue .  T h i s  is  
shown i n  F igure  7.4 and also i n  F igu re  7.3, as a f u n c t i o n  of p o t e n t i a l  
t empera ture  (and a l t i t u d e ) .  The i n t e r e s t i n g  f e a t u r e  i n  F igure  7.3 is t h e  
s l o p e  d i s c o n t i n u i t y  between 22 and 25 km. Two p o s s i b l e  e x p l a n a t i o n s  e x i s t  
f o r  t h i s  change. 
0 0  
a. L e s s  material i s  t r a n s p o r t e d  from l o w  to  h igh  l a t i t u d e s  a t  
a l t i t u d e s  below 22 km as compared t o  t h e  h i g h e r  a l t i t u d e s ,  or 
b. Material i s  t r a n s p o r t e d  a t  a l l  l e v e l s  b u t  i s  more r a p i d l y  mixed 
i n t o  t h e  background below about 22 km. 
2. LOngitUdiMl 
A t  o r  nea r  
w i t h  l o n g i t u d e .  
Characteristics 
25 km, t h e  occurrence of h igh  e x t i n c t i o n  r a t i o s  is p e r i o d i c  
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Figure 7.4. Probability distribution of extinction ratios at 
an altitude of 25 km. 
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c o r r e l a t e d  w i t h  t h e  s t r u c t u r e  i n  t h e  30 mb p r e s s u r e - a l t i t u d e  f i e l d .  An 
example o f  t h e  c o r r e l a t i o n  i s  shown i n  F i g u r e  7 .5 (a )  and ( b ) .  F igu re  7 .5 (a )  
shows t h e  l o c a t i o n  of SAGE I1 measurements on November 13-15, 1984. The 
l o c a t i o n  o f  t h e  l a r g e s t  e x t i n c t i o n  r a t i o s  is shown i n  b l a c k ,  t h e  smallest by 
c l e a r  open c i r c l e s .  F igu re  7.5(b) shows t h e  30 mb m e t e o r o l o g i c a l  a n a l y s i s  
map f o r  November 14, 1984. The dominant f e a t u r e s  a r e  t h e  p o l a r  low and an  
e l o n g a t e d  h igh  p r e s s u r e  r e g i o n  over Japan .  Comparison o f  7 .5 (a )  w i t h  7.5(b) 
shows t h a t  t h e  anomalously h igh  va lues  o f  e x t i n c t i o n  r a t i o  occur  t o  t h e  n o r t h  
of t h e  h igh  p r e s s u r e  r e g i o n  where one might expec t  t o  f i n d  them on t h e  theo ry  
of t r a n s p o r t  from low l a t i t u d e s .  Th i s  c o r r e l a t i o n  i s  a l s o  e v i d e n t  over  a 
longe r  p e r i o d ,  a s  i s  shown i n  Figure 7.6. Th i s  f i g u r e  shows t h e  mean 
c r o s s - c o r r e l a t i o n  between t h e  24 km e x t i n c t i o n  r a t i o  and t h e  30 mb p r e s s u r e  
a l t i t u d e  f o r  a p e r i o d  of about  one month. The l a t i t u d e  range  i s  approximate ly  
30 t o  50 N. Maximum c o r r e l a t i o n  of about  0 .5  o c c u r s  a t  ze ro  l o n g i t u d i n a l  
s h i f t .  The p e r i o d i c  n a t u r e  of  t h e  f u n c t i o n  i s  e v i d e n t  as is  a l s o  a b i a s  t o  a 
w e s t e r l y  l o n g i t u d i n a l  s h i f t .  Figure 7.6 shows t h e  c o r r e l a t i o n  f u n c t i o n  
t ransformed t o  g ive  t h e  c r o s s - s p e c t r a l  power d e n s i t y ;  a lmost  a l l  t h e  power is 
i n  t h e  f i r s t  t h r e e  p l a n e t a r y  wave numbers. For t h e  f i r s t  two, t h e r e  i s  a 
phase s h i f t  t o  t h e  west. Th i s  i s  c o n s i s t e n t  w i th  t h e  occur rence  o f  a n e t  
eddy t r a n s p o r t  of m a t e r i a l  from low t o  h igh  l a t i t u d e s  by t h e s e  waves. 
0 0 
3. The Magnitude of t h e  E x t i n c t i o n  Ra t ios  
A t  t h e  25 km l e v e l  between October  and December 1984,  t h e  normal 
Anomalous v a i u e s  up t o  
n 
e x t i n c t i o n  r a t i o  between 40- and 50'N was 4 o r  l e s s .  
19 were observed.  Such v a l u e s  a r e  commonly observed a t  t h e  same a l t i t u d e  i n  
7-9 
Figure 7.5a. SAGE I1 e x t i n c t i o n  ra t ios ,  24 km a l t i t u d e ,  November 13-15, 
1984. 










low l a t i t u d e s  (10-20°N) d u r i n g  t h e  same t i m e  p e r i o d .  (See  F i g u r e s  7.3 and 
7.4.) 
4. Slope  of I s e n t r o p i c  Surfaces 
Assuming t h a t  m a t e r i a l  i s  t r a n s p o r t e d  from low l a t i t u d e s  by p l a n e t a r y  
wave a c t i v i t y ,  i t  i s  l i k e l y  t h a t  i t  w i l l  remain on a s u r f a c e  of c o n t r a s t  
p o t e n t i a l  t empera ture .  Thus, material  o r i g i n a t i o n  a t  20 km a t  15'N w i l l  
r each  45'N a t  an a l t i t u d e  of about  19 km, material  a t  25  km w i l l  s u f f e r  
l i t t l e  h e i g h t  change, wh i l e  material o r i g i n a t i n g  a t  30 km w i l l  ascend t o  an 
a l t i t u d e  of about 31 km. The d e t a i l e d  r e l a t i o n s h i p  has  a l r e a d y  been shown i n  
F igu re  7.3. 
5 .  Seasonal  C h a r a c t e r i s t i c s  
In  t h e  no r the rn  hemisphere,  t h e  phenomenon i s  l i m i t e d  t o  t h e  p e r i o d  
October  1984 - March 1985, t h e  a e r o s o l  l a y e r  r e t u r n i n g  t o  normal i n  A p r i l ,  
May, 1985. T h i s  ag rees  wi th  t h e  SAGE I d a t a .  I n  t h e  s o u t h e r n  hemisphere,  t h e  
s e a s o n a l  v a r i a t i o n  i s  s imi l a r  but  t h e  p e r i o d  o f  absence of anomalous l a y e r s  
is  much s h o r t e r ,  ex t end ing  only  from January  through March, 1985. Again,  t h i s  
i s  i n  agreement w i t h  t h e  SAGE I d a t a  and r e f l e c t s  t h e  longe r  p e r i o d  o f  
p l a n e t a r y  wave a c t i v i t y  i n  t h e  sou the rn  hemisphere.  It  may be noted t h a t  
SAGE I d a t a  i n d i c a t e  t h a t  t h e r e  can  be c o n s i d e r a b l e  year-to-year v a r i a t i o n  i n  
both hemispheres.  
6 .  R e l a t i o n s h i p  t o  P l a n e t a r y  Wave A c t i v i t y  
A s tudy  has been made of t h e  amount of  a e r o s o l  t r a n s p o r t  as a f u n c t i o n  
of t i m e  i n  t h e  no r the rn  hemisphere from October  1984 - May 1985. F igu re  7 . 7  
shows h i s tog rams  of  t h e  e x t i n c t i o n  r a t i o  v a l u e s  f o r  t h e  l a t i t u d e  band 40-50°N 
f o r  each  s a t e l l i t e  c r o s s i n g  per iod .  Anomalous v a l u e s ,  cor responding  t o  
e x t i n c t i o n  r a t i o s  o f  4.0 o r  g r e a t e r ,  are shown i n  b l ack .  The b u i l d  up i n  
a c t i v i t y  from October  t o  ea r ly  January  i s  c lear ;  t h i s  was fo l lowed by a 
comple te ly  c lear  p e r i o d ,  then  a minor r eoccur rence  and a f i n a l  d i sappea rance  
i n  A p r i l  1985. The c lear  per iod  i n  Janua ry  i s  unexpected and cor responds  t o  
t h e  t i m e  p e r i o d  fo l lowing  an  unusual major  sudden warming. A p r e l i m i n a r y  
a n a l y s i s  o f  t h e  v a r i a t i o n  i n  eddy t r a n s p o r t  d u r i n g  t h i s  p e r i o d ,  made by 
Lab i t zke  and co-workers a t  t h e  Free  U n i v e r s i t y  o f  B e r l i n  (Lab i t zke  e t  a l . ,  
1985), shows a d i sappea rance  o f  p l a n e t a r y  wave a c t i v i t y  i n  t h e  second p a r t  of  
January  fo l lowed by a weak r ees t ab l i shmen t  o f  t h e  p o l a r  v o r t e x  i n  
February-March, 1985. T h i s  behavior ,  which i s  shown i n  F i g u r e  7.8, 
cor re sponds  ve ry  wel l  w i th  t h a t  o f  t h e  s a t e l l i t e  e x t i n c t i o n  d a t a .  
7. Other  E f f e c t s  
The r e c e n t l y  d i scove red  he igh t  e r r o r  i n  t h e  p r e l i m i n a r y  SAGE I1 s u n r i s e  
d a t a  has  i n j e c t e d  an a l t i t u d e  u n c e r t a i n t y  o f  t h e  o r d e r  o f  1 km i n t o  t h a t  h a l f  
of  t h e  ana lyzed  d a t a  se t .  Re-analysis o f  t h i s  p o r t i o n  w i l l  be r e q u i r e d  a f t e r  
t h i s  e r r o r  i s  c o r r e c t e d .  
Apart  from t h e  above, which i s  a n  e r r o r ,  t h e r e  appea r s  t o  have been an 
a l t i t u d e  change t a k i n g  p l a c e  over  much of  t h e  n o r t h e r n  hemisphere i n  t h e  
h e i g h t  of t h e  top-s ide  of  t h e  ae roso l  l a y e r s .  T h i s  r e s u l t s  i n  a s t e a d y  d rop ,  
from October  1984 t o  January  1985, of t h e  a e r o s o l  c o n c e n t r a t i o n  a t  a l t i t u d e s  
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F i g u r e  7 . 8 .  Mer id iona l  t i m e  s e c t i o n s  from November 1984 to March 1985 
of z o n a l l y  averaged eddy momentum t r a n s p o r t  (m2/s2) and 
eddy h e a t  t r a n s p o r t  (Km/s) by p l a n e t a r y  wave 1. 
(Labi tzke  e t  aL , 1985.) 
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8 .  TASK 7--INVESTIGATE THE CONNECTION BETWEEN THE VARIATION OF AEROSOL 
BACKSCATTER AND LOCAL MICROPHYSICAL CONDITIONS 
8.1 A n a l y s i s  of Data from the  Airborne L i d a r  Plights of Janua ry  1984 
An impor tan t  f e a t u r e  of t h e  g loba l  s t r a t o s p h e r i c  a e r o s o l  c l ima to logy  i s  
t h e  occur rence  o f  p o l a r  s t r a t o s p h e r i c  c louds  (PSCs) a t  h i g h  l a t i t u d e s  i n  
w i n t e r .  These were i n i t i a l l y  d e t e c t e d  i n  d a t a  from t h e  SAM I1 s a t e l l i t e  
(McCormick e t  a l . ,  1982) and are  a l s o  v i s i b l e  on occas ion  i n  SAGE I and SAGE 
I1 d a t a .  A l i m i t a t i o n  o f  t h e  s a t e l l i t e  e x t i n c t i o n  measurements i s  t h e  
r e s t r i c t i o n  of t h e  measurement l o c a t i o n  t o  t h e  s u n r i s e  and s u n s e t  
boundar ies .  It i s  t h u s  n o t  p o s s i b l e  t o  s t u d y  c o n d i t i o n s  w i t h i n  t h e  p o l a r  
n i g h t  r e g i o n  where t empera tu res  a r e  c o l d e r  and t h e o r e t i c a l  a n a l y s i s  ( S t e e l e  
and H a m i l l ,  198l), l e a d s  us  t o  expec t  a g r e a t e r  l i k e l i h o o d  of  PSC 
occurrence .  In  Janua ry  1984, t h e  NASA-LaRC a i r b o r n e  l i d a r  sys tem made a 
s p e c i a l  miss ion  t o  h igh  n o r t h e r n  l a t i t u d e s .  The purpose  o f  t h i s  miss ion  was 
a. t o  make c o r r e l a t i v e  measurements wi th  t h e  SAM I1 s a t e l l i t e ,  
b. t o  map t h e  v o l c a n i c  a e r o s o l  i n j e c t e d  by t h e  e r u p t i o n  of E l  Chichon 
i n  A p r i l  1982, and 
c. t o  observe  p o l a r  s t r a t o s p h e r i c  c louds  should  a r c t i c  t empera tu res  be 
low enough t o  permi t  t h e i r  format ion .  
Fol lowing a ser ies  o f  c o r r e l a t i v e  measurements on Janua ry  23, 1984, 
t h r e e  f l i g h t s  were made t o  t h e  nor th  o f  Thule ,  Greenland,  i n c l u d i n g  one t o  
t h e  n o r t h  po le .  P o l a r  s t r a t o s p h e r i c  c louds  were seen  on a l l  t h r e e  occas ions ,  
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on one occasion ex tend ing  from bout  80 N t o  t h e  pole .  A s  p a r t  of t h e  g e n e r a l  
a n a l y s i s  of s t r a t o s p h e r i c  a e r o s o l  p r o p e r t i e s  c a r r i e d  o u t  i n  c o n j u n c t i o n  wi th  
t h e  a n a l y s i s  of SAGE I1 d a t a ,  a d e t a i l e d  s t u d y  has  been made of t h e  l i d a r  
data from these  f l i g h t s .  This  work has  been documented i n  t h e  form of a 
r e s e a r c h  paper  which has  r e c e n t l y  been accepted  by t h e  J o u r n a l  of Atmospheric 
Sc iences  f o r  p u b l i c a t i o n .  A copy of t h e  a b s t r a c t  of t h i s  paper  i s  a t t a c h e d  
t o  t h i s  r e p o r t  a s  Appendix 3 (Kent e t  al . ,  1986). 
8-2 
9 .  CONCLUSIONS 
A d e t a i l e d  s tudy  has  been made of  t h e  p r e l i m i n a r y  SAGE I1 s a t e l l i t e  d a t a  
s e t ,  t o g e t h e r  w i t h  a v a i l a b l e  a s s o c i a t e d  d a t a  sets.  The SAGE I1 d a t a  set  
ex tends  from October ,  1984 t o  May, 1985. C o r r e l a t i v e  d a t a  ob ta ined  d u r i n g  t w o  
measurement ser ies  made r e s p e c t i v e l y  on November 3 0 ,  1984 i n  Laramie, 
Wyoming, and on August 7 ,  1985 a t  Fa i rbanks ,  Alaska ,  have been ana lyzed  i n  
d e t a i l .  I n  a d d i t i o n ,  c l i m a t o l o g i c a l  d a t a  on t h e  s t r a t o s p h e r i c  a e r o s o l  have 
been a v a i l a b l e  from t h e  SAGE I and SAM I1 s a t e l l i t e  a s  w e l l  as ground-based 
and a i r b o r n e  l i d a r .  
I n  g e n e r a l ,  t h e  SAGE I1 d a t a  s e t  h a s  been found t o  be bo th  i n t e r n a l l y  
s e l f - c o n s i s t e n t  and i n  good agreement w i t h  t h e  resul ts  o f  o t h e r  experiments .  
I t  i s  c l e a r l y  a data  set  nf g r e i t  pntentia? v a l u e .  E ~ r i s g  i h e  course of t h e  
s t u d y ,  v a r i o u s  anomalies  and i n c o n s i s t e n c i e s  i n  t h e  d a t a  s e t  have been found 
and removed from s u c c e s s i v e  e d i t i o n s .  Some s t i l l  remain,  a l though i t  i s  
a n t i c i p a t e d  t h a t  t h e s e  w i l l  be removed from t h e  next  v e r s i o n  o f  t h e  d a t a  se t  
which should  have a r c h i v a l  s t a t u s .  Among t h o s e  e r r o r s  s t i l l  remaining i n  t h e  
c u r r e n t  p re l imina ry  d a t a  se t  are  ( 1 )  an a l t i t u d e  e r r o r  i n  t h e  s u n r i s e  d a t a ,  
( 2 )  anomalous v a l u e s  a t  low a l t i t u d e s  i n  t h e  0 . 5 2 5  pm a e r o s o l  channe l ,  and 
( 3 )  contaminat ion  from a e r o s o l  i n  the water vapor  channel .  The l a t t e r  e f f e c t  
is  c l e a r l y  d e c r e a s i n g  as t h e  r e s i d u a l  a e r o s o l  from E l  Chichon i s  removed from 
t h e  s t r a t o s p h e r e .  The sources  of t hese  anomalies  have been i d e n t i f i e d  i n  t h e  
d a t a  i n v e r s i o n  procedure and t h e i r  c o r r e c t i o n  i s  c u r r e n t l y  under s tudy .  
I n  t h e  cour se  of  examinat ion of t h e  SAGE I1 d a t a ,  v a r i o u s  c l i m a t o l o g i c a l  
s t u d i e s  have been made i n  which t h e  SAGE I1 d a t a  have been examined i n  t h e  
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c o n t e x t  o f  o the r  d a t a  sets.  The agreement h e r e  i s  e x c e l l e n t .  D e t a i l e d  
s t u d i e s  have a l s o  been made on t h e  r e t r i e v a l  o f  t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  
from t h e  SAGE I1 mult iwavelength  a e r o s o l  d a t a  and i t s  u s e  i n  con junc t ion  wi th  
t h e  SAGE I1 water  vapor  channel  t o  s t u d y  t h e  a e r o s o l  microphys ics .  
Although the c u r r e n t  s tudy  h a s  been made on a p r e l i m i n a r y  d a t a  se t  and 
from t h a t  a spec t  should  no t  be  regarded  as  f i n a l ,  t h e  g e n e r a l  d a t a  q u a l i t y  
. appea r s  extremely good. Known anomalies  w i l l  be  c o r r e c t e d  i n  t h e  nex t  d a t a  
v e r s i o n  which w i l l  then  be s u i t a b l e  f o r  g e n e r a l  s c i e n t i f i c  u s e  and ,  a s  such ,  
of  unique v a l u e  t o  many a tmospher ic  s t u d i e s .  
i 
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ABSTRACT 
S a t e l l i t e  o c c u l t a t i o n  measurements (SAGE I, SAGE 11, and SAM II), 
and the r e s u l t s  from r e c e n t  a i r b o r n e  l i d a r  e x p e d i t i o n s ,  have l e d  t o  a 
g r e a t l y  improved unde r s t and ing  of s t r a t o s p h e r i c  a e r o s o l  c l ima to logy .  
Marked s e a s o n a l  and l a t i t u d i n a l  v a r i a t i o n s  are observed ,  p a r t i c u l a r l y  
i n  t h e  p o l a r  w i n t e r  where polar s t r a t o s p h e r i c  c l a d s  occur  and the 
p o l a r  v o r t e x  mod i f i e s  t h e  a e r o s o l  d i s t r i b u t i o n .  
e r u p t i o n s  s i n c e  1979 have produced major  changes i n  t h e  a e r o s o l  con- 
c e n t r a t i o n s .  
S e v e r a l  v o l c a n i c  
APPENDIX 2 
STRATOSPHERIC AEROSOL OBSERVATIONS FOLLOWING THE ERUPTION 
OF EL CHICHON 
G .  S. Kent 
Science and Technology Corporation 
Hampton, V i r g i n i a  23661 
M. P. McCormick 
NASA-Langley Research Center 
Hampton, V i r g i n i a  23665 
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ABSTRACT 
S e v e r a l  e r u p t i o n s  of t h e  E l  Chichon volcano  between March 28 and Apr i l  4 ,  
T h i s  enhancement, p o s s i b l y  t he  largest i n  t h e  p a s t  s e v e n t y  y e a r s ,  
1982 produced a global enhancement of t h e  s t r a t o s p h e r i c  aerosol c o n t e n t  which 
s e r i o u s l y  affected s a t e l l i t e  measurements of p r o p e r t i e s  of t h e  ear th  and i ts  
atmosphere. 
has s i n c e  been monitored by in situ, as well as. s a t e l l i t e  and ground-based 
remote s e n s i n g  t e c h n i q u e s .  The i n j e c t e d  m a t e r i a l ,  a t  l a t i t u d e  17"N and a t  
a l t i t u d e s  up t o  30 km, spread r a p i d l y  z o n a l l y  and more s lowly  m e r i d i o n a l l y .  
Ai rborne  l idar  measurements showed t h a t  t h e  maximum g l o b a l  mass loading of 
a b o u t  1.2 x lo7  tonnes  o c c u r r e d  3-6 months af ter  t h e  e r u p t i o n s .  By May 1983,  
t h e  aerosol was well d i s t r i b u t e d  g l o b a l l y ,  w i t h  peak c o n c e n t r a t i o n s  w i t h i n  a 
rather broad e q u a t o r i a l  band and  between 40" and 60"N and S. The a l t i t u d e  of 
t h e  peak a e r o s o l  mixing ra t io ,  i n i t i a l l y  a t  about  27 km i n  the  e q u a t o r i a l  zone,  
had decreased by 5-6 lun by Hay 1983.  H i d l a t i t u d e  l i d a r  measurements showed a 
s imilar  decrease, accompanied by loss of material from t h e  s t r a t o s p h e r e  i n t o  
t h e  t r o p o s p h e r e .  Estimates of t h e  l i e  decay time for t h e  a e r o s o l  mass loading 
v a r y  between 5 and 14 months, depending upon l a t i t u d e  and measurement 
t e c h n i q u e s ,  w i t h  a n o r t h e r n  hemisphere a v e r a g e  o f  about  10 months. 
' 
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ABSTRACT 
Airborne  l i d a r  measurements of b a c k s c a t t e r i n g  a t  0.6943 um from p o l a r  
s t r a t o s p h e r i c  c l o u d s ,  made i n  January  1984, are r e p o r t e d .  The c l o u d s ,  whose 
a l t i t u d e s  and geograph ica l  l o c a t i o n s  co inc ided  wi th  ambient a tmospher ic  
tempera tures  below about  193 K ,  were observed t o  cover  a g r e a t e r  a r e a  o f  t h e  
p o l a r  cap  than  had p r e v i o u s l y  been appa ren t  from s a t e l l i t e  measurements. 
They were seen  on t h r e e  s e p a r a t e  f l i g h t s  n o r t h  o f  Thule ,  Greenland (76.5'N, 
68.7OW), o n  one occas ion  ex tend ing  cont inuous ly  from approximately 80 N t o  
t h e  North Po le .  Pronounced l a y e r i n g  o f  t h e  c l o u d s  was observed and t h e  
maximuu b a c k s c a t t e r  enhancement, r e l a t i v e  t o  t h a t  from t h e  background 
a e r o s o l ,  was between 100 and 200. T h e s e  v a l u e s  occurred  a t  an a l t i t u d e  o f  
about  20 km, c l o s e  t o  t h e  r eg ion  o f  m i n i m u m  s t r a t o s p h e r i c  tempera ture .  
Depo la r i za t ion  o f  t h e  o r d e r  o f  20-50% i n  t h e  b a c k s c a t t e r e d  s i g n a l  was 
measured, i n  suppor t  o f  t h e  hypothes is  t h a t  t h e  a e r o s o l s  forming t h e  c louds  
are  f rozen .  C ompa r i son of t h e  expe r imen ta l ly  determined 
backsca t  t e r ing - t empera tu re  r e l a t i o n s h i p  w i t h  a t h e o r e t i c a l  model, based on a 
vo lcan ic  a e r o s o l  and us ing  b e s t  a v a i l a b l e  e s t i m a t e s  f o r  water  vapor  
c o n c e n t r a t i o n ,  shows good agreement a t  t h e  100 mb and 70 mb p r e s s u r e  l e v e l s .  
A smal l  s y s t e m a t i c  e r r o r  a t  t h e  50 mb and 30 mb l e v e l s  may be due t o  
i n a c c u r a t e  c h a r a c t e r i z a t i o n  of t h e  temperature  f i e l d  a t  these  a l t i t u d e s  and 
l o c a t i o n s .  
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